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“That's the whole problem with science. You've got a bunch of empiricists trying to 
describe things of unimaginable wonder” – Bill Watterson in Calvin & Hobbes 
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Eucalyptus globulus and Picea abies barks are huge industrial residues with upgradable potential. This 
research thesis aims at further the knowledge on these barks envisaging production of biomaterials, 
building blocks, chemicals and fuels. 
Both industrial barks contained high wood and mineral extraneous contaminants, presenting higher 
extractives (10-20%) and ash (4-5%), but lower polysaccharides (52-61%) than their respective woods. E. 
globulus bark hemicelluloses (glucuronoxylan) and lignin (S/G=2.8, enriched in β-O-4’, 83% of all inter-unit 
linkages elucidated by 2D HSQC-NMR) were similar to those of wood, while P. abies bark differed 
substantially in hemicelluloses (pectin, higher arabinan, lower mannan) and lignin (γ-OH significant 
acetylation, presence of hydroxystilbenes glucosides as “nonconventional” true lignin monomers, adding 
to the canonical established monolignols precursors). The presence of glucosides in lignin was reported 
for the first time with positive ramifications regarding possible design and bioengineering of polymers 
with special attributes (hydrophilicity, bioactivity) 
Deconstruction pathways were tested considering the knowledge gathered. 
Bleached kraft pulp was produced from E. globulus bark due to previously determined appropriate 
physical and chemical characteristics. Hydrothermal pre-treatment tested decreased extractives content 
allowing for lower active alkali (15%) usage in pulping process (resulting in 40% yield) with subsequent 
bleached pulp and respective handsheets showing similar characteristics to those produced with E. 
globulus wood. Bark proved to be a possible fiber source feedstock for pulp and paper production. 
Crude extracts recovered with different solvents were analyzed for neutral monosaccharides and phenolic 
composition, antioxidant activity, antimicrobial and quorum-sensing potential. Polar extracts showed 
good or very good antioxidant activity. Gram positive and Candida strains had their growth highly 
impaired when exposed to n-hexane and ethanol extracts concentrations above 0.04 mg/mL.  
Extractive-free barks were autohydrolysed and the solid residues saccharified with commercial enzymes 
(Saczyme and Ultimase), resulting in xylooligosaccharides/arabinooligosaccharides enriched liquors from 
autohydrolysis, glucose rich streams from enzymatic saccharification and lignin enriched solid residues.  
This thesis evidences that these abundant industrial residues are interesting materials to be upgraded 
within a biorefinery concept of full biomass utilization with potential to generate several products and 
streams with different end-uses. 
































As cascas de Eucalyptus globulus e Picea abies são resíduos industriais abundantes cujo aproveitamento 
pode e deve ser melhorado. Esta tese visa ampliar o conhecimento destes materiais e estudar a sua 
possível utilização na produção de biomateriais, moléculas elementares, químicos e combustíveis. 
As correntes industriais de cascas encontram-se severamente contaminadas com madeira e detritos 
minerais, apresentando composições químicas com teores de extractivos (10-20%) e cinza (4-5%) 
superiores às respectivas madeiras e mas inferiores em polissacáridos. As hemiceluloses 
(glucuronoxilanas) e lenhina da casca de E. globulus (S/G=2.8, enriquecida em β-O-4’, 83% do total de 
inter-ligações monoméricas determinadas por 2D HSQC-NMR) são semelhantes às da madeira, 
contrastando com a casca de P. abies cujas diferenças em relação à respectiva madeira são substanciais 
nas hemiceluloses (presença de pectinas, aumento das arabinanas e decréscimo da mananas) e lenhina 
(acetilação significativa em γ-OH e presença de hidroxistilbenos glucosilados como verdadeiros 
monómeros “não-convencionais”, acrescendo aos percursores monolignol já estabelecidos). A presença 
de glucósidos na lenhina, reportada aqui pela primeira vez, pode ter implicações na bioengenharia de 
polímeros, possibilitando a inclusão de características/atributos especiais (hidrofilicidade, bioactividade). 
Com base no conhecimento adquirido, vários processos de desconstrução das cascas foram testados. 
Devido às caracteristicas físicas e químicas apropriadas para esse fim, produziram-se pastas kraft 
branqueadas de casca de E. globulus. Os pré-tratamentos hidrotérmicos testados eliminaram até 2/3 dos 
extractivos, permitindo a utilização de menores cargas alcalinas na deslenhificação. As folhas produzidas 
apresentaram características idênticas às obtidas com madeira, demonstrando a possibilidade de inclusão 
desta casca como matéria-prima fibrosa na produção papeleira.   
Analisaram-se extractivos obtidos com diferentes solventes quanto à composição de monossacáridos 
neutros e compostos fenólicos, assim como à actividade antioxidante, e potencial anti-quórum e 
antimicrobiano. Os extractivos polares apresentaram boa ou muito boa capacidade antioxidante. Alguns 
extractos impediram o desenvolvimento de bactérias Gram-positiva e Candida quando aplicados com 
concentrações superiores a 0.04 mg/mL. 
Processaram-se hidrotermicamente cascas previamente extractadas e os resíduos sólidos obtidos foram 
sacarificados com enzimas comerciais (Saczyme e Ultimase), obtendo-se licores ricos em  
xilooligosacáridos/arabinooligosacáridos provenientes da auto-hidrólise, licores ricos em glucose 
provenientes da sacarificação enzimática e um resíduo sólido enriquecido em lenhina. 
Esta tese evidencia o elevado potencial de valorização destes abundantes resíduos industriais em 
contexto de biorrefinaria com utilização integral da biomassa para obtenção de diversos produtos. 
Palavras chave: Fraccionamento da casca, Hidrolise enzimática, Caracterização da lenhina, Bioactividade 




























O desenvolvimento de uma indústria baseada em bio-hidrocarbonetos, técnica e economicamente viável 
e o desinvestimento nos combustíveis fósseis são um requisito imperativo para as próximas décadas se a 
humanidade quiser manter simultaneamente o nível de vida e a integridade da biosfera. Das possíveis 
matérias-primas, os materiais lenhocelulósicos estão entre os recursos naturais mais promissores para 
serem explorados em biorefinarias. As cascas produzidas pelas fileiras da madeira e da pasta para papel 
constituem um dos exemplos de materiais lenhocelulósicos cujo aproveitamento pode e deve ser 
melhorado. Consideradas como resíduos, estas cascas são utilizadas quase exclusivamente para produção 
de calor/electricidade por combustão directa, não sendo aproveitado o seu potencial químico.  
Duas das espécies florestais mais exploradas pelas indústrias madeireiras e da pasta para papel europeias 
são a Eucalyptus globulus (Eg) e a Picea abies (Pa) com incidência principalmente no Sudoeste 
mediterrânico e no centro e norte da Europa, respectivamente. Esta tese teve como objectivo ampliar o 
conhecimento sobre as cascas destas duas espécies, determinando as suas características físicas, químicas 
e energéticas, e dessa forma possibilitar uma escolha adequada dos processos de desconstrução com 
vista a potenciar o aproveitamento integral dos seus constituintes, visando a obtenção de produtos, 
compostos químicos e combustíveis. 
As cascas industriais continham um teor elevado de madeira (16-18%) e de contaminantes minerais. Estes 
últimos ocorrendo maioritariamente na E. globulus, provavelmente resultantes das condições do 
processo de transporte e processamento. Estes contaminantes aumentam a heterogeneidade da casca 
afetando negativamente os processos de transformação e qualidade dos produtos obtidos. 
As cascas apresentaram um maior teor de extractivos (10-20%) e de cinzas (4.5%) do que as respectivas 
madeiras (<1%) e um menor conteúdo em polissacáridos (52-61% vs. 71%). A casca da E. globulus 
apresenta características das hemiceluloses (maioritariamente xilanas) e da lenhina (S/G=2.8, enriquecida 
em ligações β-O-4’, 83% do total de inter-ligações monoméricas determinadas por 2D HSQC-NMR) 
semelhantes às da madeira, contrastando com a casca da P. abies, que apresenta diferenças substanciais 
em relação à madeira nas hemiceluloses (presença de pectinas, maior conteúdo de arabinanas e menor 
de mananas) e na lenhina (acetilação significativa em γ-OH e presença de monómeros nunca antes 
associados a este polímero, hidroxistilbenos glucosilados, parcialmente incorporados por ligações β-éter).  
A identificação de hidroxistilbenos glucosilados intrinsecamente ligados à lenhina comprovam a sua 
elevada plasticidade e complexidade, possivelmente ampliando o número de monómeros “não 
tradicionais” associados a este polímero para além dos canónicos monolinhois. A presença de glucósidos 
em determinadas lenhinas era já equacionada, embora os mecanismos da assimilação de um açúcar no 
polímero fenólico nunca tivessem sido esclarecidos satisfatoriamente. Esta identificação dos 
hidroxistilbenos glucosilados como monómeros da lenhina apresenta uma solução viável, elegante e 
plausível para o mecanismo bioquímico que permite a integração do açúcar a partir do aglicona que, 
contendo mais do que um grupo fenólico livre, se pode ligar à lenhina por uma reacção de acoplamento 
de radical. Esta descoberta pode ter implicações importantes, permitindo modificar e criar através da 
bioengenharia, polímeros de base fenólica com atributos específicos (e.g. hidrofilicidade, actividade 
antioxidante, entre outras). 
O estudo das propriedades térmicas das cascas evidenciou limitações da E. globulus na sua utilização para 
queima directa, devido a uma baixa densidade energética (maioritariamente resultante de baixa 
densidade do material e não tanto do seu poder calorífico), elevado teor mineral e elevado teor de  cloro,  
que tem consequências para os equipamentos de queima assim como para o ambiente.  
No fraccionamento mecânico estudado (moagem e peneiração) obtiveram-se diferentes classes de 
tamanho de partícula com composições químicas distintas. A fracção “finos” ficou enriquecida em cinzas 
e extractivos e empobrecida em polissacáridos quando comparada com as fracções de partículas de maior 
dimensão. No entanto, as variações não aparentam ser suficientemente impactantes para compensar os 
gastos energéticos e económicos deste processo de fracionamento mecânico. 
Com base nas especificidades químicas e físicas determinadas para cada casca, foram equacionados vários 
processos de desconstrução com vista a uma utilização integrada de todo o seu potencial. 
As características físicas e químicas da casca da E. globulus evidenciaram uma possível utilização como 
fonte fibrosa para produção de pasta Kraft branqueada, nomeadamente a sua elevada proporção de 
fibras, alto teor de polissacáridos (61%) e um baixo teor de lenhina (22%) com uma razão S/G elevada, 
2.8, composta maioritariamente por ligações do tipo β-O-4’. Testou-se a utilização de um pré-tratamento 
hidrotérmico (autohidrólise) para redução da quantidade de extractivos e componentes minerais, 
avaliando a sua influência no processo de deslenhificação (com diferentes cargas alcalinas no licor branco) 
e nas características finais das pastas produzidas. Foi possivel obter pastas com número Kappa 17 
utilizando baixa carga alcalina (15%) e as folhas laboratoriais produzidas (após branqueamento e 
refinação da pasta) demonstraram ter características mecânicas e ópticas semelhantes às das pastas 
obtidas com madeira da E. globulus. O menor conteúdo em polissacáridos relativamente à madeira (61 
vs. 71%) explica o menor rendimento em pasta obtido (40% vs. 50%). Deste modo, a casca da E. globulus 
pode ser considerada como uma possível fonte de fibra para pasta para papel, podendo ser utilizadas 
baixas cargas alcalinas aquando da etapa de deslenhificação, se o processo for complementado com um 
pré-tratamento hidrotérmico prévio. No entanto, para além do menor rendimento em relação à madeira, 
outra das desvantagens que se pode apontar à matéria-prima deriva do elevado teor em minerais que 
inviabiliza a sua utilização para alguns fins, como por exemplo na produção de pastas químicas (dissolving 
pulps). 
Ambas as cascas estudadas podem ser fraccionadas selectivamente, visando o aproveitamento integral 
de todos os seus componentes lenhocelulósicos (extractivos, hemiceluloses, celulose e lenhina). 
Os extractivos, presentes nas cascas em quantidades mais apreciáveis do que na madeira, constituem 
uma fração interessante a ser obtida na primeira fase de um processo de fracionamento sequencial. 
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Várias extracções em Soxhlet foram realizadas com solventes de polaridade crescente (n-hexano, etanol 
e água) tendo-se analisado os extratos obtidos quanto à composição de monossacáridos neutros (após 
hidrólise ácida), compostos fenólicos totais, flavonoides e taninos condensados. Os rendimentos obtidos 
nas extracções com n-hexano foram menores (<4%) do que com etanol (3-9%) e água (9-15%). Os 
extractos em etanol apresentaram, em relação à água (ambos polares), menores teores de açúcares (63-
85 mg/gext  vs. 168-248 mg/gext) e flavonoides (18-19 vs. 21-31 mgCE/gext) e maiores teores de compostos 
fenólicos totais (208-375 vs. 172-242 mgGAE/gext) entre os quais taninos condensados (13-61 vs. 2.2-13.1 
mgCE/gext).  
Analisaram-se as actividades antioxidantes dos extractos polares (FRAP- potencial antioxidante de 
redução do Fe, BCB- branqueamento do β-caroteno, DPPH- inactivação de radicais livres) e os potenciais 
anti quórum e antimicrobiano de todos os extractos (testado em várias estirpes patogénicas de bacterias 
e leveduras). Os extractos polares mostraram ter bom ou muito bom índice potencial antioxidante 
(DPPH), correspondendo a metade do potencial FRAP do trolox (antioxidante sintético análogo à vitamina 
E). A inibição de crescimento de bactérias Gram-negativas foi fraca, em geral, embora alguns extractos 
tenham mostrado um bom potencial inibidor contra algumas estirpes Gram-positivas e Candidas. A 
concentração mínima inibitória ao desenvolvimento de bactérias e leveduras foi de 40 μg/mL, o que é 80 
vezes mais elevada do que para padrões antibacterianos (tetraciclina) e antifúngicos (anfotericina B). A 
inibição do efeito quórum comprovou-se fraca ou inexistente para a generalidade dos extractos, tendo os 
melhores resultados sido obtidos com extractos de E. globulus (7 mm de raio de inibição pelo teste de 
difusão no agar). 
O fraccionamento sequencial prosseguiu nas cascas extractadas recorrendo-se a dois processos: 
autohidrólise e hidrólise enzimática. Foram testadas várias condições de autohidrólise (factores de 
severidade 3.4-4.7) e os resíduos sólidos foram sacarificados usando cocktails de enzimas comerciais 
(Saczyme Yield e Ultimase BWL40). As melhores condições de autohidrólise permitiram um rendimento 
máximo de açúcares provenientes das hemiceluloses da casca de E. globulus de 11 g/100 gcasca extractada 
(maioritariamente xilooligossacáridos) e de 14 g/100 gcasca extractada (maioritariamente 
arabinooligossacáridos) partindo da casca de P. abies. Os resíduo sólidos provenientes das auto-hidrólises 
foram sacarificados enzimaticamente, com uma conversão quase  total dos polissacáridos para a casca de 
E. globulus (98% de rendimento de açúcares no reactor) e até 75% para a casca de P. abies. A utilização 
da enzima Ultimase permitiu obter melhores resultados que a da Saczyme em todos os ensaios.  
O rendimento total de açúcares do processo (contabilizando autohidrólise e sacarificação) atingiu um 
máximo de 73% e 51% para as cascas de  E. globulus e P. abies respectivamente. Contabilizando os 
açucares nos licores  da autohidrólise e da hidrólise enzimática, a obtenção máxima de açúcares foi de 
540 kg (E. globulus) e 440 kg (P. abies) de açúcares monoméricos por tonelada de casca extractada. Os 
xilooligosacáridos/arabinooligosacáridos do licor da autohidrólise têm uma potencial utilização nas 
indústrias alimentares e farmacêuticas, embora também possam ser transformados biotecnologicamente 
em compostos de valor acrescentado tais como xilitol e arabitol, ou ser fermentados para produção de 
etanol. Por outro lado, a solução rica em glucose proveniente da hidrólise enzimática pode ser uma fonte 
de açúcares facilmente fermentáveis para etanol ou para produção de compostos químicos (e.g. ácido 
láctico, ácido levulínico). Após esta sequência de processos, resta um sólido altamente enriquecido em 
lenhina que poderá servir de matéria prima em processos para obtenção e utilização de compostos 
fenólicos. 
O conhecimento sobre as características químicas e energéticas das cascas da Eucalyptus globulus e da 
Picea abies, assim como sobre as possíveis rotas de desconstrução e de aproveitamento integral das 
fracções, evidencia que estes resíduos industriais podem ser matérias primas muito interessantes no 
âmbito de uma biorefinaria, mostrando um potencial elevado para gerar múltiplos produtos com diversos 
fins. 
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Rationale and objectives 
The past two centuries saw the rise and establishment of fossil fuels as the main civilizational propulsor 
with many aspects of human society relying totally or partially on them. The civilizational leap was 
indubitably tremendous and mostly positive, although with an important and ever-growing cost to the 
health of the planet. With nature carbon stockpiles reserves being consumed at an increasing rate, the 
side effects will eventually reach the tipping point, with man realizing an undeniable worldwide increase 
effect on temperature, pollution and environmental disasters. The low cost and still large reserves have 
kept the transition to a cleaner industrial paradigm at bay, although society is slowly rising its concerns 
and desires for alternative routes to maintain its living standards while at the same time decreasing their 
impact at a regional and global scale. One thing is inevitable... the age of fossil fuels will pass, probably 
within the next century.   
Biorefinery is the wide term that coins the present and future processing complexes that try to mimic the 
oil refinery and petrochemical associated industries but using natural and renewable feedstocks of 
biomass for the integrated production of a wide spectrum of chemicals, fuel and materials. The aim of 
these processes is to decrease, and if possible substitute, the fossil fuel demand by producing equal or 
similar products while trying to grasp the full potential of each biomass, decreasing to a minimum the 
residual streams and whenever possible using them as feedstock for other processes. Only by creating 
integrative full resource processes with a zero waste philosophy can they be competitive and 
economically appealing. 
Being the most abundant and widespread form of biomass on the planet, lignocellulosic materials are 
without a doubt one of the most promising candidates as feedstock for these new green processes. 
Biomass has been used by men since the dawn of times but it has never reached its full potential, as 
happened with oil, probably due to its high recalcitrance, variability and oxygen content that required 
higher processing and costs and returned lower energetic yields. 
With all this in mind, plenty research has been produced in the last decades aiming at new processes and 
raw materials that might be suitable, both technically and economically, for a viable biorefinery. Although 
there are few true biorefineries implemented yet, some industrial processes are very close to that, with 
the pulp and paper industry probably being among those that most resembles a fully functional 
biorefinery, producing both energy and products. Nevertheless, they are still a proto-biorefinery with 
many challenges and possible upgradable pathways to produce the last missing piece: fuels, fine chemicals 
and building blocks at full scale. 
One of the residual streams of forest operations and of the timber and pulp industries is the bark fraction 
that is usually discarded prior to wood processing and burned for energy production. Barks are non-wood 
lignocellulosic products that account to 11-21% of the tree bole weight (depending on the species) which 
means that a substantial amount of bark is present at the industrial site for the most commonly used 
species. 
The rationale underlying this thesis is the valorization of barks as a feedstock to biorefineries, namely of 
those that constitute industrial residues. The objective is to study two of these industrial residues 
regarding their chemical and energetic potential and developing fractionation pathways to separate the 
main lignocellulosic components (extractives, lignin, cellulose and hemicelluloses), aiming at possible 
integrated specific end-uses and products, thereby changing these barks status from residues to feedstock 
and integrating them in the timber and pulp industries in a biorefinery context. 
Two wood species were chosen as the main focus of this work: a hardwood mostly used in the southern 
European Mediterranean countries for pulp production (Eucalyptus globulus) and a softwood exploited in 
the northern European countries (Picea abies) by the timber and pulp industries. It must be stated that 
these industrial barks might have different characteristics from the stem barks, mostly due to the 
handling, transport and processing in the field and at the industrial site. 
The objective of this thesis is to further the knowledge on these residual barks and determine some of 
the possible ways to deconstruct and use the obtained fractions, trying to use the most economical and 
eco-friendly solvents, chemicals and processes.  
The thesis is organized in four tasks and its main body is presented in the form of research papers, whether 
already published or still in processing.  
 The first task regards the full chemical and fuel characterization of each raw material and the 
possible use of a mechanical size reduction process to obtain chemically different fractions 
(papers 1 and 2). Additionally, a fine chemical analysis targeted specifically the lignin of both 
barks to better understand its structural characterization, from monomeric composition to inter-
unit linkages and the possible applications that would be most adequate to each specific species 
lignin (papers 3 and 4). The results of this task comprise four manuscripts.  
 The second task regards the use of E. globulus bark as a possible source of fibers for the 
production of bleached kraft pulp with similar physical and mechanical characteristics of the 
pulps produced with eucalypt wood. Hot water pre-treatment was tested to address the higher 
ash and extractive content of the bark, and its influence on the pulping and pulp characteristics. 
The results of this task comprise one manuscript (paper 5) 
 The third task focus on the obtainment of several extracts by using different solvents and the 
study of these crude extracts regarding their possible antioxidant, antimicrobial (against human 
pathogenic bacteria and fungi strains) and anti-quorum sensing abilities. The results of this task 
comprise one manuscript (paper 6) 
 The fourth task addresses the fractionation of the extractive-free bark and a sequential 
processing of this solid residue by first applying hot water pre-treatments (autohydrolysis) to 
remove part of the hemicelluloses as oligosaccharides, and afterwards an enzymatic hydrolysis 
to obtain monomeric sugar rich liquid streams and a lignin enriched solid streams. The results of 
this task comprise one manuscript (paper 7) 
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State of the art / Literature review 
Humanity has been growing exponentially since the beginning of the industrial age from less than 1 billion 
(19th century) to 7.7 billion (2019) [1]. This population shift was associated to the exploitation of fossil 
fuels at a world scale with ever-growing energetic and material needs, resulting in better human life 
conditions and higher life expectancy. However, the detrimental effects of utilizing the world reserves of 
fossil fuels to such extent and rate has also grown, leading to a point where the scientific community and 
society at large have little doubts that possible catastrophic consequences will occur in the future. 
Predictions of the world reserves depletion of such feedstocks in the near future, and the consequent 
escalation in the price of these commodities, have led to an increased search and scientific research for 
alternative, more environmentally friendly, raw materials and production processes. This search aims at 
inverting the potential environmental catastrophe, while maintaining our way of life in terms of energetic 
and products needs. 
Hence the birth and development of biorefineries. 
 
Biorefinery 
Biorefinery is the broad concept (although not entirely defined yet) of all the present, and yet to be, 
production pathways and technologies that can use all types of biomasses as feedstocks for the integrated 
production of biofuels, biomaterials, fine chemicals or building blocks and utilities within each specific 
industrial plant. This means that the biorefinery term can be applied to a general concept, a facility, a 
process, a plant or a cluster of facilities and multiple plants [2]. It is the biobased equivalent counterpart 
of the fossil fuels and petrochemical industries aiming at product substitution by direct means (searching 
and producing already available compounds or building block used by other industries, but starting from 
biomass) or by indirect means (searching for novel compounds and products that open new markets, that 
have unique characteristics although possibly similar to the fossil fuel derived counterparts) [3–5]. 
When compared to fossil fuels, the major advantages of using biomass within a biorefinery concept for 
fuel, chemicals, materials and energy production are the following: renewable and globally widespread 
feedstocks; CO2 neutral conversion; transition from (fossil derived) hydrocarbon to carbohydrate and 
hydrogen resources; biodegradable resources with great reactivity, low ignition point and combustion 
temperatures; cheap resources; reduction or possible use of residues and wastes as raw material; 
decrease of hazardous emissions (NOX, SOX); possibility to use both water and land biomass as feedstock; 
possibility to use low-value and degraded soils; revitalization of the rural areas with job creation; higher 
focus on rural land use and profitability from forest biomass which can have beneficial effects on fire 
prevention; increased carbon sequestration with consequent reduction of greenhouse gas effects; as 
opposed to petroleum where functionality is added to the hydrocarbon compounds, biomass already has 
available functionality or-pre functionality within its chemical components mostly due to the higher 
content of oxygen; species can be genetically modified and tailor-made according to specific uses [6–8]. 
On the other hand, there are also several negative aspects and constraints regarding biomass use, as 
follow: if not correctly planned, it can pose a competition to edible biomass growth; growth of intensive 
single crops can decrease biodiversity and damage natural ecosystems (e.g. deforestation, land use 
changes); increases the use of pesticides and fertilizers (which currently are predominantly produced from 
fossil fuels); high costs of harvesting, collection, transportation and storage; normally low bulk density; 
high intra and interspecies variability; variation in quantity and seasonal availability; as opposed to 
petroleum, biomass is not homogenous; is susceptible to plagues, infestations and wildfires; biomass has 
high water and oxygen content which decreases its energetic value (low energy density); it has higher 
recalcitrance; overall production costs are higher with lower economic viability; in need of new and 
competitive production pathways and equipment [6,9,10]. 
In order to be economically and environmentally sound, biorefineries also aim at rendering the waste 
streams obsolete, searching for integrative ways to convert the initial biomass to its fullest and, whenever 
possible, to optimize the production pathways so that previously waste streams can be useful for another 
downstream process or product. This is important since not only it will help the viability of the plant by 
reducing the costs associated with waste and disposal management, but also due to the increasingly 
growing attention and public perception regarding the end-products production negative environmental 
impacts, since industrialized societies are taking more attention to these problems, culprits and possible 
solutions. Therefore the biorefinery concept works within a zero waste philosophy. 
As with fossil fuels refineries, each specific biorefinery should work to produce high value low volume 
(HVLV) products or compounds and low value high volume (LVHV) material, compounds or commodities 
with the HVLV products increasing the profitability of the industry while the LVHV support the energy and 
fuel global demand [11]. A good example to understand disparities between HVLV and LVHV can be seen 
by the USA consumption of petroleum between the chemical production segment (3% of total oil) and 
the fuel/transportation segment (70% of total oil) and their revenue that was almost the same, around 
380 billion $ (2007 values)[3]. Since there are several viable alternatives for the production of clean 
renewable energy, biorefineries should try to envisage biomass utilization more in the direction of 
biofuels, products or building blocks than for direct energy production by combustion since it is the only 
primary renewable resource available for this kind of end-uses [12]. 
With a large pool of different possible feedstocks, and due to the complex nature of each specific biomass, 
a multi-step process approach with hybrid technologies is needed through a combination of knowledge 
from different fields such as polymer chemistry, bioengineering, membrane separation, catalysis, etc.  This 
large combination of feedstocks, processes and outputs makes the classification of biorefinery types 
difficult. Nevertheless efforts have been made to try to catalog and simplify some of the most important 
and possible viable platforms and processes. 
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According to the International Energy Agency (IEA) [2], biorefineries can be classified according to four 
main features: platforms (intermediates link feedstocks and final products), products, feedstock 
(dedicated or residues) and processes (thermochemical, biochemical, chemical, or mechanical/physical). 
Platforms  
 Syngas (Synthesis gas) – mixture of carbon monoxide and hydrogen produced by thermal 
degradation (gasification) with low oxygen input. It can be used for energy or as building block 
(through Fischer–Tropsch or fermentation) for alcohols, fuel and chemical products. 
 Pyrolysis oil – thermal decomposition of the biomass in absence of oxygen to obtain a gaseous, 
liquid and solid stream depending on the conditions. The liquid stream (biooil) is often the target 
and the oils can be further processed to obtain chemical compounds, building blocks, fuels.  
 Sugar – C6 or C5 monomeric moieties can be obtained through hydrolysis of starch, 
hemicelluloses, cellulose, oligosaccharides (depending on the biomass used) and converted 
through chemical or biological processes. 
 Oil – triacylglycerol derived from seeds, algae or animal fat can be transesterified to alkyl esters 
(biodiesel among others) or to fatty acids. Both processes also produce glycerol, which had a low 
market value but recently has been used as building block material for conversion to higher value 
propylene glycol or other building block molecules [13]. 
 Biogas- anaerobic digestion of biomass (using waste streams from lignocellulosic biomass or food 
industries) and resulting in a gaseous stream rich in methane and CO2 and a solid residue 
composed of digestate. The residual streams from other industries can be converted into 
methane which can be used for energetic or building block purposes.  
 Organic solution- mechanical processing (pressing) of fresh biomass to obtain liquid (rich in 
sugars, proteins, organic acids, enzymes, etc) and solid stream (lignocellulosic rich material). Both 
streams can be further processed to obtain potentially interesting molecules and the cake can 
be used as cattle feed.   
 Lignin- can be obtained from lignocellulosic biomass by thermochemical, chemical or biochemical 
processes. Depending on the pathway, it can be used for energy, building blocks, chemicals, used 
as it is for product production, among many other possible end-uses.  
 Hydrogen- production of hydrogen through several methods (steam methane reforming, water-
gas shift using CO) that can be applied after both Syngas and Biogas processes. 
 Power and heat- Burning of biomass for energy and utilities production 
 
Outputs 
The output or products list is enormous, depending on both feedstock and processes applied. They can 
go from: 
 Molecules obtained directly or indirectly from the biomass: phenolic compounds, flavonoids, 
stilbenes, lignans, monosaccharides, alcohols, carboxylic acids, alkyl esters, fatty acids, proteins, 
enzymes, among many others. 
 Building blocks obtained directly or indirectly from biomass processing such as these top 30 
obtained from 300 potential candidates studied by the National Renewable Energy Laboratory 
(NREL, USA) from the sugar and syngas pathways or other sources [14,15]: C1: carbon monoxide 
and methane, C3 molecules- glycerol, 3 hydroxypropionic acid, lactic acid, malonic acid, propionic 
acid, serine; C4-acetoin, aspartic acid, fumaric acid, 3-hydroxybutyrolactone, malic acid, succinic 
acid, threonine; C5- arabinitol, furfural, glutamic acid, itaconic acid, levulinic acid, proline, xylitol, 
xylonic acid; C6- aconitic acid, citric acid, 2,5 furan dicarboxylic acid, glucaric acid, lysine, 
levoglucosan, sorbitol. 
 Polymers, either directly from the biomass or produced from it: cellulose, hemicelluloses, lignin, 
tannins, polyols, cellulose acetate, cellulose nitrate, cellophane, polylactic acid (PLA), poly-
hydroxyalkanoates (PHA), polymers derived from lignin degradation monomers, among others 
[15–17]. 
 Human food, livestock feed or microorganism feed 
 Biofuels: biodiesel, ethanol, butanol, bio jet fuel [15] 
 Materials either totally or partially produced from biobased materials: pulp, paper, solid wood 
and associated products, polyurethanes, resins, dyes, glues, fragrancies, etc. 
 Energy and utilities: electricity, steam, heat 
 
Feedstocks 
The feedstock of a biorefinery can derive from multiple biomass sources normally gathered under the 
following categories [2,18,19]: 
 Dedicated feedstock 
 Agricultural feedstock based on sugar crops (e.g. sugarcane, beet, sweet sorghum)[20] 
 Agricultural feedstocks based on starch crops (e.g.  wheat, corn, rice, potato)[20] 
 Oil based crops (e.g.: soya, palm, castor, rapeseed)[21] 
 Lignocellulosic crops (short rotation trees, miscanthus, cynara, arundo) 
 Aquatic biomass (algae and seaweeds) 
 Residues 
 Agricultural and food industry residues (e.g. oils and fats from food processing, bagasse, 
leaves and straws from dedicated crops) 
 Forest residues (e.g. barks, stumps, leaves, uncooked material from pulping industries, 
saw mill residues) 
 Other residues (e.g. organic urban wastes, wastewaters, municipal solid wastes) 
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The processes applied in biorefinery can be multiple and sequential, being divided in several groups: 
 Mechanical (e.g.: size fractionation, pressing) 
 Chemical (e.g.: extractions, hydrolysis, pulping, water gas shift, esterification, hydrogenation) 
 Thermochemical (e.g.: combustion, pyrolysis, gasification, torrefaction, liquefaction) 
 Biochemical (e.g.: enzymatic hydrolysis, fermentation, anaerobic/aerobic digestion) 
 
The concept of biorefinery gives ample space for multiple other classifications. Figure 1 shows a 
theoretical overview of the biorefinery possibilities and potentials outputs and possible applications. 
Since several of the feedstocks are produced for food or in plantations that can be otherwise used for 
food growth, research is focusing more and more on those that minimize the food-feed-fuel conflicts. The 
competition regarding the feedstock within these first generation biorefineries (based on the sugar and 
oils dedicated crops) raises several ethical, political, social, environmental and long term sustainability 
problems that reduce their possible success [18]. The major advantages of using agricultural feedstocks 
in a biorefinery is the very high sugar and oil content of the crops, which is complemented by the fairly 
easy fractionation processes and conversion to monomers (monosaccharides, glycerol, fatty acids) or final 
product (e.g. ethanol, biodiesel, building blocks). Nevertheless several studies have found that when 
regarding life cycle assessment with broader environmental aspects such as air pollution, acidification, 
ozone depletion, land use, among others, the substitution to biofuels might not be beneficial when 
compared to fossil fuels, even if the global warm emissions are reduced [22]. 
Therefore, research has lately shifted its focus to second (lignocellulosic-based) and third generation 
(agricultural and organic waste streams and residues or aquatic-based biomass) biorefineries. 
  
 
Figure 1. Broad range overview of the biorefinery potential adapted from several sources [14,17,18,23–25] 
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Figure 2 shows the location and type of biorefineries operating in Europe as of 2017. Of the 224 industrial 
sites, 63 are sugar/starch based for bioethanol and other chemicals production and 118 are oil/fat based 
for biodiesel and oleochemistry products, leaving only 43 second and third generation industrial sites: 25 
wood based for pulp, bio-based chemicals, fuels and energy production (excluding pulp for paper 
production only); 5 lignocellulosic (other than wood) biorefineries for pulp/fibers, proteins, chemicals, 
fuels and energy; and 13 with wastes as principal feedstock for products and energy production [26]. 
Portugal’s only industrial site considered as a biorefinery is located in Caima (Altri) and falls within the 
wood-based (excluding pulp for paper only) type, producing 115000 tonnes/year of dissolving pulp mostly 
for rayon production. 
 
 Figure 2. Biorefineries functioning in Europe in 2017 (adapted from [26])  
 
 The number of biorefineries in Europe using non-food crop biomass is only 19% of the total biorefinery 
industrial sites, meaning that we are still in the infancy of a biobased sustainable economy. Nevertheless 
the efforts are in this direction with regulation being imposed to decrease the share of food-crop based 
biofuel to 3.5% off all biofuels by 2030 [6]. Scientific research has focused on discovering and improving 
new viable (both technically and economically) ways to use non-edible biomass with particular interest 
being given to the lignocellulosic biorefinery (LCB).  
 
Lignocellulose Biorefinery (LCB) 
Lignocellulosic biomass is the most abundant biomass on the planet, and widely spread throughout the 
globe, contrary to what happens to fossil fuels.  In the EU-28, 43% (182 million hectares) of the total land 
area are forests and other woodlands, covering a slightly higher proportion than agriculture (41%), 
reaching over 75% of woodland in some countries (Finland and Sweden) and around 55% in Portugal and 
Spain. Biomass used as an energy source (wood/other biomass/municipal wastes) accounted for nearly 
two thirds (64%) of the gross energy consumption of renewables, with wood, pellets and briquettes 
representing 45% of all organic, non-fossil material of biological origins.[27] Taking in consideration that 
the European Union only accounts for 5% of the total world forests, the worldwide potential of these 
resources is immeasurable [27]. However the use of the non-food lignocellulosic material by the bio-based 
industries is well below its growing potential in Europe, e.g. by 2030 only almost half of the available 
resources will be required (476 million vs 1 billion tons)[9], meaning that this biomass has yet to reach its 
full potential as feedstock. 
But what is a lignocellulosic material? 
Lignocellulose is the entangled result of three main polymers (lignin, cellulose and hemicelluloses) that 
create the matrix of plant cell walls. In broad terms it refers to plant crops, forest material or residues 
deriving from their processing. Although these three polymers are the main constituents of plant biomass 
several other components exist in (normally) lower percentages such as suberin (also structural when 
present), inorganics, proteins or extractives [19]. These components might be low or inexistent in stem 
wood, but can have a very high predominance in other lignocellulosic material (e.g. bark) 
Briefly these chemical components may be characterized as follows: 
 Cellulose. The most abundant natural polymer composed by glucose molecules as a linear 
sequence of anhydro-β-D-glucopyranose linked by β-(1→4) glycosidic bonds that can have up to 
10000 units. The high number of hydroxyl groups (-OH) and linear structure allows strong intra 
and inter-molecular hydrogen bonds producing a macrostructure by connecting cellulose 
molecules into microfibrils that group into fibrils and these into fibers that can present crystalline 
and amorphous forms. This strongly chemically bonded polymer results in a very resistant 
material regarding both chemical and enzymatic degradation. 
 Lignin. The second most common natural polymer. It is a phenolic based heteropolymer derived 
mainly from the oxidative coupling of three monolignols (p-coumaryl (H), coniferyl (G) and 
sinapyl (S) alcohols)[28], although several other phenolic compounds similar to these (p-
hydroxybenzoates, p-coumarates, ferulates, caffeyl alcohol, 5-hydroxyconiferyl alcohol,  
hydroxycinnamaldehydes) can be found in the lignin structure and are therefore considered to 
act as true lignin monomers[29–33]. Recently other phenolic monomers from beyond the 
monolignol biosynthetic pathway (tricin, hydroxystilbenes) have also been discovered to act as 
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true lignin monomer [34–37]. Lignin is an amorphous polymer that forms a web structure 
through ether, C-C linkages or both (β-O-4’alkyl-aryl ether, β-5’ phenylcoumarans, β-β’ resinols, 
5-5’ dibenzodioxocins, β-1’ spirodienones), with the alkyl-aryl linkages being the most easily 
broken. This polymer links to cellulose and hemicelluloses through covalent bonds and is largely 
responsible for the recalcitrance nature of lignocellulosic biomass.[19] The lignin monomeric 
composition is of great importance since it will play an important role in any biomass 
deconstruction process.    
 Hemicelluloses. Polysaccharide heteropolymers composed of monomeric sugars (glucose, 
xylose, mannose, arabinose, galactose, rhamnose, and sometimes their acetylated counterparts) 
and uronic acids (galacturonic and glucuronic acids) linked through glycosidic bonds. 
Hemicelluloses are amorphous branched polymers with 50-200 polymerization degree [38,39] 
that along with lignin “glue” the cellulose fibers, bonding the entire structure together. In 
softwood trees, hemicelluloses are usually of two types, galactoglucomannans (~20% of the 
biomass) and arabinoglucuronoxylans (5–10%), while in hardwoods they are composed of a 
backbone mainly of glucuronoxylans (15–30%) and glucomannans (2–5%) [40]. When compared 
to the other structural components, these polymers are the most easily assessed and degraded 
either by chemical or enzymatic hydrolysis.  
 Suberin. A non-linear polyester polymer formed by esterification of glycerol molecules with 
saturated or unsaturated long chain fatty acid, ω-hydroxyacids, α,ω-diacids with small amounts 
of aromatic monomers (mainly ferulic acid). Suberin is specific to the phellem (cork) of bark 
periderms that in a limited number of species may reach important proportions. This 
hydrophobic polymer serves as insulant for fluids such as water and air, and has thermal 
insulation properties [41]. 
 Extractives. This highly heterogenic group of non-structural compounds is defined only by their 
possible extraction from biomass through solvent dissolution without chemical reaction. 
Depending on the solvent, several families of compounds can be retrieved according to their 
polarity and chemical affinity. Usually sequential extractions with different solvents are needed 
to fully remove all extractives, leaving only the structural components of the biomass [38,42]. 
The amount and chemical composition of the extractives vary drastically between species, type 
of tissues (e.g. heartwood, sapwood, bark) [42–44], within tree location (stump, bole, branch) 
[45–47] and are also very susceptible to edaphoclimatic conditions, season, health of the 
individual, among other parameters. Extractives may comprise several chemical families such as 
alkanes, fats, waxes, fatty acids, fatty alcohols, terpenes, steroids, resin acids, simple phenolic 
compounds, flavonoids, stilbenes, condensed tannins, hydrolysable tannins, monosaccharides, 
polysaccharides, lignans, amino acids, among others [48,49]. 
 Inorganics. They comprise the mineral salts and other inorganic matter present in the 
lignocellulosic biomass, usually referred to as ash after total combustion. The content varies 
significantly depending on the biomass, with very low contents in wood (<1%), while much higher 
values are found in barks (<13%)[48], energy crops (e.g. cynara <30%)[50] and agro-industrial 
residues (e.g. rice straw- 46%, cotton stalk- 7%, corn stover- 7%)[23]. This fraction is very 
important when considering certain processes (e.g.: energy, pulping) since it can have a 
detrimental effect on the global value, machinery or the final product quality. 
Figure 3 shows a representation of a possible lignocellulosic biorefinery (LCB) with the main structural cell 
wall components fractionation and end-uses. 
 
 
Figure 3. Main scheme of possible lignocellulosic biorefinery and products (adapted from [51]) 
 
Many feedstocks are available for an LCB and each has positive and negative aspects on its use, 
deconstruction pathways and resulting end-uses. One of the most available lignocellulosic feedstock apart 
from wood and non-edible crops is the bark fraction of the trees. This non-wood material has specificities 
that may impact on its valorization or upgrade, thereby requiring an interested look and attention in a 
biorefinery context.  
 




Bark Biorefinery (BB) 
Bark comprises the outermost radial layers of tissues of the bole from the vascular cambium to the 
surface, representing 9-15% in volume [52] or 11-21% in mass [53,54]. It encompasses the phloem 
(functional and non-functional), periderm (phelloderm, phellogen and phellem) and rhytidome. The living 
(phloem, functioning phelloderm and phellogen) and non-living (dead periderm and rhytidome) layers are 
also commonly designated as inner and outer bark [55]. Figure 4 shows a typical bark transverse section. 
 
Figure 4. Bark transversal section showing the several typical tissues from vascular cambium outwards. Adapted 
from [56] 
 
The chemical and physical characteristic of bark varies substantially among different species and even 
within the same species. This heterogeneous and complex material comprising physiologically active living 
and inert dead cells is the outermost fraction of the tree acting as the interface between the organism 
and the external media [52]. This means that bark will have to deal with numerous external aggressions, 
either biological (fungus, parasites, bacteria, animals) or environmental (weather conditions, fires, 
droughts, floods) leading to specific physical/chemical characteristics such as: suberin rich cell walls for 
air and water impermeability; lignin enriched cell walls for mechanical strength and biological protection, 
sap and resin veins as protective agents for healing wounds and insect attacks; polyphenolic rich cells for 
biological attacks; mineral encrusted cells (normally calcium oxalate crystals); secondary metabolites with 
diverse bioactivity [38,55,57,58]. These complex characteristics are what make barks especially 
interesting to be used under a biorefinery context. 
Nevertheless, the physical and chemical variability is a two-edge sword. On one hand, the inter-species 
variability grants a wider range of possible deconstruction pathways and consequent products, chemicals 
and end use materials while, on the other hand, the intra-species variability introduces a heterogeneity 
that may lead to higher deconstruction and production problems, and a lower product specification. The 
problem is enhanced if the feedstock is to be comprised of mixed species barks. 
Quantifying the global availability of bark is not an easy task, since just a small fraction is commercialized 
or used for further processing, with most of it being burned for energy, industrial utilities or simply 
incinerated or landfilled [53]. According to FAO [59], the world roundwood production was 3797 million 
m3 in 2017 which should represent around 380 million m3 of bark residues (considering an average 10% 
of bark in the stem volume) largely concentrated at wood processing industrial sites. 
Although barks are mostly accounted for as residues, for some species this is not the case and the bark is 
highly profitable and commercially the most important part of the tree. The bark of the cork oak (Quercus 
suber) is probably the most impressive example of bark valorization, namely of the cork component of 
the periderm. This highly suberized cork is the center of an economic relevant industry with an annual 
production of 200000 tons that can be used for bottle stoppers (60% of its market) [60], production of 
agglomerates and composites with various end-uses [41]. 
Other barks have been used throughout human history for many purposes with additional possible 
alternative end-uses being tested throughout the years. Barks have been used for: obtaining tannins for 
leather curing, clothing, utensils, wares, livestock fodder, human food, flavoring, spices and fragrancies 
(e.g. cinnamon, camphor, vanillin), energy and fuel production (either by direct burn or through mixed 
addition with other materials for pellets and briquettes production), mulching, plant growing media, 
organic peat replacement, filler in resins and glues, adhesives formulations, dyes, natural rubber, 
pollutant absorbent (pesticides, heavy metals, etc.), in production of thermal and sound insulating boards, 
filler with strengthening properties in plastics, activated carbon, for obtaining bioactive compounds with 
various pharmacological (e.g. quinine, taxol, curare) and antioxidative properties, among other uses [61–
64]. 
However the current utilization of barks is mostly for energy purposes, not because their chemical an 
physical nature makes them good solid fuels, but mostly due to lack of economically viable alternative 
processes and possible products. In fact, bark is considered a poor raw material for energy production 
with an energetic output of 70 % of that of bituminous coal and 50% of that of oil when completely dried, 
which usually is not the case, meaning an even lower energy output since part must be consumed to 
address its normal water content. With water contents between 30 and 60% (depending on the debarking 
process and season), the energetic value decreases falling to flat zero if the water content is around 90% 
[52]. Barks tend to be technologically inconvenient for burning due to a lower density compared to wood, 
and despite a similar mass energetic value (17-25 MJ/kg), their volumetric energy density is low (e.g. 13 
vs 5 MJ/m3 for Robinia pseudoacacia wood and bark respectively) [62]. 
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Additionally, many barks have inherent high ash content, mostly due to the mineral encrusted cells, 
normally parenchyma cells rich in calcium oxalate crystals [38,57], that besides reducing its energetic 
content have a detrimental effect upon boilers due to fouling damage and also increase the cost of 
managing and dealing with the unburned material [53]. Barks also tend to have high ash content due to 
exogenous contamination such as dirt, sand and grit thrusted by the wind when still unfelled or directly 
from the ground after cutting down, transport, handling and storage [52]. Another negative aspect for 
energetic end-uses is the sometimes high chlorine and sulphur content of barks that might prevent their 
use for pellets and briquettes production (most markets require very low threshold values)[65], 
decreasing the lifespan of equipment due to corrosion and increasing the cost of dealing with higher 
environmentally harmful emissions. 
Although barks received much less attention than wood regarding characterization and possible uses [64],  
more and more studies are addressing their rich nature. Of all the main bark components, the extractives 
fraction is probably the one that has gathered more interest, due to its usual high content, while on the 
other hand the carbohydrate fraction is comparatively lower making it less appealing if this fraction is the 
to be targeted. Nevertheless, the lower holocellulose is usually related to the decrease of cellulose (bark 
tends to have less fibers than wood) meaning that hemicelluloses can also be a targeted component. 
Lignin content is often similar to that of the respective wood although with different monomeric 
composition [48]. Table 1 presents the hardwood and softwood typical composition of both wood and 
bark regarding their main components. Comparing bark and wood, polysaccharides typical values for 
barks are significantly lower while extractives are much higher, and it is noticeable the wider range of 
variability observed for bark for each of the main components. 
 
Table 1. Typical chemical composition (main components in dry weight %) of hardwood and softwood wood and 
bark [41,52,66–71] 
  Softwoods   Hardwoods 
Component Wood Bark   Wood Bark 
Lignin 23-29 17-44   18-25 14-48 
Suberin - 0-36   - 0-43 
Polysaccharides 60-71 23-53   70-78 10-60 
Extractives 2-9 2-25   2-5 5-50 
Ash < 1 < 20   < 1 < 20 
 
Caution is necessary when simplifying the information regarding such diverse materials (especially bark) 
as some species may fall outside the presented values. This high variability between species can propel 
different approaches and target diverse end-uses and should be looked with both caution and interest. 
Bark is considered highly detrimental (either due to its physical or chemical properties) to most, if not all, 
wood transformation processes and final products. In both pulp and timber industries bark is a 
contaminant for the production process and stripping it from the bole is probably the first major step in 
any industrial site. While pulping for some kinds of papers might still admit a low bark content as 
contaminant to the digester [52], for dissolving pulps the bark content fed to the digester must be close 
to nil so as not to block the nozzles upon fiber formation (the higher probability of shives and higher 
mineral contents leads to obstruction and calcification of the nozzle. 
The amount of this residual stream is therefore proportional to the wood processed, resulting in 
considerable quantities at the industrial sites since most of the debarking currently takes place within the 
wood or pulp processing plant and not at the harvesting site). This means that there are some species for 
which the production, harvesting, management, transportation and initial processing steps are currently 
integrated and already incorporated in the costs of another production hub. From an economic point of 
view, these are probably the best candidates regarding a bark biorefinery, due to their availability and 
expected lower investment cost [72]. Nevertheless, the bark upgrade for anything other than 
energy/utilities must be proven as technically feasible, economically beneficial and also not to disrupt, in 
any way, the main wood production process. Even if used only for energy, bark has already a role within 
the biorefinery concept since this stream (at least when its end is not the landfill) serves a purpose, even 
if not the best one regarding its chemical potential. 
The most important species for timber and pulping in Europe are birch, pine, spruce, poplar, Douglas-fir 
and eucalypt of which the correspondent barks will be widely available at pulp mills or industrial sawmills. 
As with any lignocellulosic feedstock the biggest problem resides on how to mine the chemical richness 
of this recalcitrant material in such a way as not to degrade each fraction beyond further use and, if 
possible, to encompass the highest number of fractions for adequate end-uses. Many alternative or 
combined processes are, at least hypothetically, possible. 
 
Biomass deconstruction 
No “one approach” deconstruction pathway is viable for all barks, at least when considering the best use 
of each specific bark. Some processes can be more or less “blind” regarding raw material, while others 
will make sense only for specific species. Two approaches can be considered for biomass fractionation, 
one being focused solely on a single product or process and the other being a multi-product, multi-process 
to generate value from each fraction. The higher the separation and purification steps, the higher the 
production cost, while on the other hand the isolation of each component or the obtainment of pure 
compounds will probably increase their profitability and utilization possibilities [40]. The best pathway for 
deconstruction and utilization of the raw material will be between these two and might shift with time, 
depending on raw material costs, development of processes or final product value. 
A brief discussion of the most important deconstruction methods and pre-treatments will follow 
organized in their four main types: mechanical, chemical, thermochemical and biochemical. Most, if not 
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all, derive from already tested deconstruction methods applied to wood, thereby being more or less 
appealing when applied to other raw materials such as barks. Sometimes the processes are called pre-
treatments if the purpose is to enhance some material characteristics making it more prone to subsequent 
processing (mostly used for enzymatic hydrolysis and subsequent fermentation to ethanol). 
 
Mechanical treatment encompasses those processes where no chemical or biological reaction takes 
place, using mainly physical processes to separate fractions or compounds within the biomass. The most 
common are size reduction, solvent extractions and pressing. 
Size reduction- mechanical downsizing of lignocellulosic material is almost always necessary, 
either to better manipulate the material, rupture the cell wall structure, decrease cellulose 
crystallinity and increase particles superficial area and impregnability by reagents and solvents. 
In mainly homogenous materials this step will only create smaller particles with the same 
composition than the original, while on heterogeneous materials such as barks (with highly 
differentiated tissues and specialized cells) it might serve the purpose of obtaining chemically 
and physically sized fractions, richer in specific compounds. Many studies have focused in 
different fractions of bark, mainly showing the chemical, physical and energetic value variations 
between the tissues, or more commonly between inner and outer bark [42,47,73–75]. Some 
research focused on using a mechanical downsizing in order to obtain substantially different 
fractions of barks that can be used as raw material [76–81]. The variation in density and friability 
between tissues results in finer fractions normally richer in ash and extractives, while the coarser 
fractions are normally enriched in suberin (in barks containing this polymer) and sugar 
polysaccharides. Grinding is a costly operation but most of the times unavoidable and using the 
right milling and particles size might be a first step toward a simple and better optimization 
biomass processing.    
 
 Extraction- The soluble fraction of barks can be highly relevant due to its significant content. 
Targeting extractives from barks can have two purposes (not mutually exclusive): to obtain a 
valuable fraction of compounds or to remove them prior to structural components fractionation. 
Solvents are chosen mostly based on polarity following the rule “equal dissolves equal”, meaning 
that apolar solvents will solubilize mostly apolar compounds and the equivalent will happen with 
polar ones. Unfortunately, further steps of isolation and purification are needed if single 
compounds are to be acquired in this way. 
Several extraction methods have been applied such as cold extraction, soxhlet, soxtec, 
microwave or ultrasound assisted, supercritical and pressurized extraction [82]. Each method has 
its own pros and cons regarding solvent volume, required time and temperatures, extraction 
yield, selectivity, equipment cost and complexity, degradation of compounds and solvent 
recuperation.  
Extracts can be detrimental to some processes (e.g. pulping, enzymatic hydrolysis, fermentation) 
[83–86] but can also include very interesting bioactive components known to have antioxidant, 
anti-inflammatory, analgesic, antidiabetic, cardioprotective, antineurodegenerative, 
antitumural, antimutagenic, antibacterial, antifungal, antiviral, antiprotozoal, antihelminths, anti 
quorum-sensing, anti-HIV, among other effects [45,87–92]. Although not all components of the 
crude extracts will have the same (or any) bioactive action, some synergetic or antagonism 
effects may occur. These extracts and individual components are therefore very enticing natural 
products for food, polymers, cosmetic, nutraceutical and pharmaceutical Industries. Table 2 
presents examples of extracts (with their respective main compounds) from several barks and 
their bioactivity showing the wide possibility of compounds that can be generated form this 
material. 
 
Table 2. Bark extract composition of different woody vascular plant and their respective biological action 
(adapted from [90]) 
Composition of Extract  Action/Application  Ref. 
dihydroxybenzoic acid, 3,4-dihydroxyphenylacetic acid, p-hydroxybenzoic 
acid, proanthocyanidin b2, catechin, epicatechin, syringic acid, taxifolin, 
quercetin, homovanillic acid, epigallocatechin  
antioxidant [93] 
gallic acid, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, ferulic 
acid, sinapic acid, resveratrol, myricetin, quercetin, cinnamic acid  
antioxidant in food, cosmetics 
and pharmaceutical industry 
[94] 




procyanidin, epicatechin, coumaric acid, coniferin, quercetin, taxifolin-o-
hexoside, coumaric, acid-di-o-hexoside, syringic acid-di-o-hexoside, coniferyl 
alcohol-o-hexoside-o-pentoside  





apigenin, luteolin, vitexin, apigetrin, cymaroside  anti-inflammatory  [98]  
quinic acid, gallic acid, protocatechuic acid, catechin, chlorogenic acid, 
ellagic acid, taxifolin, quercetin, mearnsetin, naringenin, ellagic acid-
rhamnoside  
antioxidant [99] 
gallic acid, ellagitannin, ampelopsin, gallotannin, epigallocatechin gallate, 
ellagic acid derivative, punicalagin, corilagin, ellagitanninellagic acid 
glucuronide, gallotanninmethylellagic acid glucuronide, methyl-(s)-
flavogallonate and its isomers 
antibacterial [100]  





quercetin, o-coumaric acid, ferulic acid, gallic acid antioxidant antiviral, cytotoxic  [102] 
α-hydroxyerysotrine, 4′-methoxy licoflavanone (mlf), alpinumisoflavone, 
(aif), wighteone  
antitumoral, cytotoxic effect on 




anti-inflammatory, antioxidant  [104]  
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rhaponticin, rhapontigenin, piceatannol, taxifolin antioxidant [105] 
catechin, procyanidin, epicatechin, apocynin e, cinchonain i, 3-





 Pressing - compression is applied to separate biomass into a rich liquid stream (rich in sugars, 
proteins, organic acids, enzymes, etc) and solid stream (lignocellulosic rich material) or simply to 
disrupt the physical properties of the biomass, making it more susceptible to further processing. 
Pressing can be used in combination with chemicals (acid or alkali) to improve results. This 
process is applied mostly to green biomasses and grasses but can also be used with woods [107] 
or similar lignocellulosics such as barks [108]. 
 
Chemical treatment encompasses biomass deconstruction using any sort of chemical reagents through 
the dissolution of one or more of the major lignocellulosic macro components. Depending on the 
conditions, the treatment will be more prone to target polysaccharides or lignin. 
 Acidic- The acid acts as a catalyst for polysaccharides hydrolysis. Depending on acid 
concentration and type, the attack on holocellulose can be partial, targeting solely the 
hemicelluloses fraction (dilute acid, resulting in a cellulose/lignin rich solid substrate) or total 
(concentrated acid, resulting in a mostly lignin substrate) by hydrolyzing both hemicelluloses and 
cellulose fractions. The concentrated acid treatment requires low temperatures and pressures, 
and avoids any need of enzymatic hydrolysis if the final end use is a sugar stream for 
fermentation, but on the other hand requires high chemical charges and consequent acid cost, 
with their environmental issues and high energy needed for acid recovery and re-use. Acid 
hydrolysis is one of the most employed processes in biomass treatment for ethanol production, 
being cheap and effective [109]. The downside for any acid treatment is the highly corrosive 
reaction environment that forces the use of resistant equipment and material (thereby 
increasing costs) and requires neutralization of the liquid stream to suitable pH before further 
processing and intensive washing of the solid stream. Additionally, if the sugar stream is to be 
used for fermentation, there are some degradation reactions of the monosaccharides, lignin and 
extractives that produce undesirable inhibitors that may require detoxification processes 
(furfural, 5-hydroxymethylfurfural, acetic acid, phenols, tannins, vanillin, ferulic acid and p-
coumaric acid) [110,111]. 
Mineral acids (sulfuric, phosphoric, nitric, hydrochloric) are the most commonly used although 
organic acids (formic, acetic, maleic, oxalic) have also been successively tested for polysaccharide 
hydrolysis. Although leading to lower inhibition products, the organic acids are more expensive 
making them less appealing for industrial purposes.  
Barks have been the subject of some studies regarding acidic pre-treatments, mostly for 
fermentation purposes [112,113]. 
 
 Alkaline- In this treatment, sodium, potassium, calcium and ammonium hydroxides are used as 
bases, mostly for lignin degradation and solubilization but also affecting the holocellulose 
fraction, mainly the hemicelluloses. Fractionation will depend on the alkali charge, temperature, 
time and additional reagents with some pre-treatments being carried at ambient temperatures, 
although the time in those cases can reach days. A rise in temperature will effectively reduce the 
reaction time to hours or minutes but at a cost of lowering selectivity.  
The most common alkaline use regarding lignocellulosic material is the kraft process to produce 
pulp, which besides soda also uses sodium sulfite to enhance delignification selectivity and 
reduce reaction time. Although removing up to 90% of lignin, at that point it starts to become 
less efficient, with residual lignin normally being removed through more selective reagents such 
as ozone, oxygen, chlorine dioxide to obtain a lignin free bleached pulp composed of cellulose 
fibers and some hemicelluloses.  Alkaline hydrolysis leads to lower polymerization degree. 
Hemicelluloses are the most attacked and they depolymerize and solubilize as oligo or 
monosaccharides along with lignin, while cellulose suffers some degradation mostly through 
end-wise depolymerization (peeling). The lignin and most hemicelluloses are obtained in the 
liquid stream that can be further processed and separated to obtain a lignin rich residue (mostly 
monomeric and re-condensed moieties of lignin degradation products) and a hemicelluloses 
stream (oligo and monomeric sugars and their respective degradation products). The Kraft 
process has been adjusted to bark with some degree of success [114]. 
The same can be done with sulfur-free process of soda, soda-anthraquinone (AQ) or alkaline-
hydrogen peroxide, which can be more interesting if the lignin fraction is also to be targeted for 
commercialization. These processes tend to be used more with lignocellulosic biomasses other 
than wood. 
 
 Organosolv- This designation refers to the delignification processes that use organic solvents 
such as alcohols, acids, ketones, ethers or amines (ethanol, ethanol, butanol, formic acid, acetic 
acid, acetone, γ-lactone, dioxane, ethylene diamine, etc.) with water as co-solvent at high 
temperatures and pressures to break the lignin-carbohydrate connections and degrade lignin, 
solubilizing its fragments. Several industrial processes have risen such as Alcell, Organocell and 
Formacell, although no large scale production took place. These processes can produce pulps 
with low residual lignin and its unsulfonated lignin is considered to be of higher value being 
suitable for a wide range of applications and better than kraft lignin [115,116]. Bark organosolv 
delignification can be achieved although with high chemical loads and resulting in pulps with high 
residual lignin [117,118]. 
 
 Ionic liquids (IL)- Salts normally composed of a large organic cation and organic/inorganic anion 
with melting temperature below 100°C and very low volatility can solubilize different 
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components of biomass depending on their cation/anion combination. The large pool of cations 
and anions that can be paired to produce ionic liquids and the subsequent product properties 
regarding thermophysical, biodegradation ability, toxicity and target selectivity makes them very 
interesting solvents with high tuning possibilities [119]. They can be used selectively to degrade 
and dissolve each of the major lignocellulosic components, from extractives [120] to the 
structural polymers [121,122]. An anti-solvent can be used to precipitate the dissolved 
component and the ionic liquid is supposed to be easily recovered to be recycled. If not produced 
from fossil resources, both ionic liquids and deep eutectic (DES) can be considered “green 
solvents”, with IL major downside regarding conventional solvents being the high production and 
purification cost. 
 
 Deep eutectic solvents (DES)- Similar to the ionic liquids in both very low volatility and high tuning 
possibility, the DES diverge from the IL by their low toxicity, biodegradability, easiness of 
synthesis and lower production cost. These low transition temperature mixtures are defined by 
the combination of two or more components (at least one hydrogen-bond donor and one 
hydrogen-bond acceptor) whose melting points in the specific mixture decrease significantly 
when compared to their individual components (DES are normally liquid at room or low 
temperatures) [123]. Their use is pretty much the same as with IL.  Several studies addressed 
bark as a biomass deconstruction raw material using DES [124,125]. 
 
Thermochemical treatments encompass those where biomass physical and chemical changes occur 
mostly due to temperature degradation, envisaging energetically denser fuels (torrefaction) or biomass 
deconstruction (selective or non selective). Significant thermochemical changes start at temperatures just 
above 100 °C, affecting differently the major components of the lignocellulosic biomass with degradation 
products being mostly dependent on process time and temperature but also on the presence or absence 
of solvents and catalysts. Some treatments have low selectivity and degrade biomass to simple 
compounds/building blocks (H2, CH4, CO, etc.) or complex moieties derived from all biomass components 
(liquefaction, pyrolysis) with high number of compounds and low individual yield [126] while others, such 
as steam explosion or hydrothermal treatment can be tuned to target specific biomass components or act 
as pre-treatment to facilitate subsequent processes. 
 Pyrolysis- Thermal degradation in the absence or near absence of oxygen (or any oxidizing agent) 
at temperatures between 300-800°C forming a gaseous, a liquid (tar or bio-oil) and a solid (char) 
stream [23,126]. This deconstruction method favors the liquid and solid products, which due to 
the lack of oxygen still maintain part of the structure and complexity of the feedstock material. 
The output depends on temperature and residence time, with the three main types being: slow 
pyrolysis (termed carbonization since it favors mostly char formation), working between 300-700 
°C for long residence (up to days); fast pyrolysis favoring bio-oils (50-70%) with high heating rates 
and low residence times (up to 10 s), and flash pyrolysis with very high heating rates (up to 10000 
°C/s) and very short residence times (<0.5 s) promoting almost exclusively the bio-oil formation 
(75-80%) [127,128]. Bark has been the focus of intensive study in pyrolysis for energy, fuels and 
products regarding both the entire biomass [129–131] or fractions of it [132]. 
 
 Gasification- The thermal degradation in this process occurs in controlled deficient oxidizing 
atmospheres (20-50% below the stoichiometrically required for full combustion) at high 
temperatures (800-1000 °C) for the production of a fuel gas which is composed mostly by N2, H2, 
CO, CO2, H2O, CH4, light hydrocarbons, tar and particulates. The gas can be enriched in one or 
more of the compounds depending on gasification design and conditions. The cleaned gaseous 
stream (usually called synthesis gas or syngas) can be used for energy production through 
burning or for chemicals and liquid fuels production through catalytic conversion using the 
Fischer-Tropsch process [126]. Barks have been used as raw material in several gasification tests, 
with positive results [133,134]. 
 
 Liquefaction- or solvolysis is another thermal degradation process whose work conditions fall in-
between pyrolysis (similar thermochemical mechanisms) and hot water treatment (operates in 
liquid solvent) functioning at 200-400 °C under high pressures. It tries to depolymerize 
lignocellulosic and partially deoxygenate it through dehydration, decarboxylation or 
decarbonylation (oxygen removal through H2O, CO2 and CO elimination respectively), resulting 
in a biocrude with higher energetic value that can be refined to fuel through conventional 
technologies, while trying to prevent undesired reactions such as recondensation that form char 
and humins [135]. The role of the solvent is very important regarding operation cost, separation 
and recovery, reaction conditions, conversion yield and type of product obtained. Some of the 
solvents are water, hydrocarbons (e.g. naphthalene or toluene), anisoles, phenols (e.g. phenol, 
guaiacol) or alcohols (ethanol, glycerol) [136,137]. Several studies have addressed the use of bark 
for liquefaction to obtain bio-crudes for fuel or as phenol substitute in the synthesis of phenolic 
resins and polyurethane foams [138–140]. 
 
 Hydrothermal treatment- also called auto-hydrolysis or liquid hot water is the process that uses 
water at temperatures between 140-220 °C mostly for hemicelluloses degradation and 
decomposition to oligosaccharides and monosaccharides, reducing biomass recalcitrance toward 
further processing (e.g. enzymatic hydrolysis, pulping for hemicelluloses free pulps). Parts of the 
most vulnerable lignin polymeric sites are also degraded, releasing phenolic compounds, while 
most of cellulosic fibers remain intact. Since many extractives are water soluble, this process will 
also dissolve them into the liquid stream.  
Water self-ionization is the constant equilibrium that occurs in liquid water through which 
hydroxide (OH-) and hydronium (H3O+) ions are formed from two water molecules. This 
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equilibrium is favored to the ionization products with higher temperatures increasing [OH-] and 
[H3O+] which are responsible for hydrolysis reactions of polysaccharides. This means that water 
can act as reagent as well as solvent for the degradation products of lignocellulosic biomass. 
Since hemicelluloses are acetylated to some extent (depending on species), their cleavage also 
releases acetic acid, reducing the medium pH and auto-catalyzing the breakage of glycosidic 
bonds [141,142]. 
This method is industrially very enticing as it requires no chemicals addition, works at mild 
reaction conditions of temperature and pressure (below those of liquefaction, pyrolysis, 
gasification), separates partially or totally the hemicelluloses fraction from the solid residue 
(cellulose and lignin) leading to normally high enzymatic hydrolysis of this residue,  avoids waste 
production and has low environmental impact. On the downside: high water volumes are usually 
required (increasing energetic cost to achieve the reaction temperature); diluted hydrolysate 
requires energy consumption for concentration; degradation products from monosaccharides, 
lignin and extractives (such as  formic acid, acetic acid, levulinic acid, furfural, 
hydroxymethylfurfural, phenolic compounds, lignin degradation products) can prevent an ideal 
processing of both resulting streams, which usually occurs at harsher temperature conditions of 
autohydrolysis [142–144]. 
Both liquid and solid residue are interesting from the point of view of valorization, with 
hemicellulosic oligosaccharides and monosaccharides being enticing for the nutraceutical, 
pharmaceutical, polymers and food industries [145–147], and the cellulose/lignin rich residue to 
be further processed to a wide range of fuels, products and chemical compounds (depending on 
the subsequent processing and desired end-uses). Some studies focus on using autohydrolysis of 
bark as pre-treatment for recovery of hemicelluloses and extractives, or to prepare the remaining 
solid for saccharification and fermentation [148–150]. 
 
 Steam explosion- one of the most widely used lignocellulosic pre-treatment that combines the 
simultaneous effects of thermal, mechanical and chemical processes. High pressure saturated 
steam is imbued into the lignocellulosic matrix, partly condensing and acting as described 
previously in the hydrothermal treatment. After a short period of settling (seconds to minutes) 
the pressure is rapidly dropped by releasing the steam and condensed liquid. The pressure 
release leads to the rapid expansion of water embedded in biomass, “exploding” the material 
from within, and causing: mechanical fracture and particle downsizing; structural changes in 
cellulose (increasing its adsorption capacity and altering crystallinity); hemicelluloses hydrolysis 
and partial solubilization (as with autohydrolysis the acetyl groups released from hemicelluloses 
acidify the medium and promote further depolymerization); lignin degradation (mostly through 
cleavage of susceptible linkages such as β-O-4), partial solubilization in the liquor and 
recondensation in the lignocellulosic matrix (which might have negative impact in posterior 
treatments) [19,141]. A slurry with a cellulosic enriched solid and a liquid fraction rich in 
hemicelluloses oligosaccharides/monosaccharides, soluble lignin and degradation products 
results from this process 
Several methods have combined the steam explosion mechanism with addition of acid or alkaline 
chemical charge such as the ammonia fiber expansion (AFEX), CO2 and SO2 explosion pre-
treatments that beside promoting the physical rupture of the lignocellulosic material, also 
chemically degrade fractions of it, making it more susceptible to further treatments [141]. 
 
Biochemical treatments encompass all the processes that use living agents, such as bacteria, fungi, yeasts 
and algae [151] or enzymes produced by them to deconstruct and convert lignocellulosic biomass in 
compounds and products through biochemical breakdown. Two distinct processes may be used: 
bioconversion by living agents or by enzymes (either free or immobilized) that do not need to consume 
the substrate to reproduce and maintain their existence, transforming specific molecules/polymers into 
desired compounds. Depending on the microorganism and the desired product and deconstruction 
pathways, several lignocellulosic bioprocessing strategies can be envisaged, including the production of 
biogas (mostly CH4 and CO2) through anaerobic treatment, composting, mushroom cultivation or 
fermentation [152,153]. 
Direct bioconversion from biomass without any prior treatment usually yields low conversions and 
requires very long periods. 
 
 Enzymatic hydrolysis- enzymatic hydrolysis is mostly used for two purposes: 1) targeting the 
lignin polymer to degrade it, either to facilitate the subsequent enzymatic hydrolysis of the 
carbohydrate polymers or for other purposes (e.g. pulp delignification, lignin waste water 
treatment) [154,155]; 2) targeting the sugar polymers (hemicelluloses and cellulose) by 
hydrolyzing them into their respective monomeric constituents. In both cases, there is always 
the need of specific enzymes cocktails to fully deconstruct each polymer, being impossible to 
degrade any of these natural polymers in just one step [156,157]. 
When lignin degradation is the focus, ligninases are the necessary enzymes, composed mainly by 
laccases and ligninolytic peroxidases (lignin- LiP, manganese- MnP, versatile- VP and dye-
decolorizing- DyP-type peroxidases) obtained in most cases from fungi (more specifically white-
rot fungi), although some bacteria also show lignin degradation enzymatic capacity [158]. 
Peroxidases also need to be assisted by oxidase enzymes to produce the peroxide or by several 
other enzymes (e.g. dehydrogenase).  
If the target is hemicelluloses, the enzymes are completely different with the main purpose to 
hydrolyze the glycosidic bonds between the monomeric moieties. Since hemicelluloses are 
diverse depending on raw material, the optimized combination of enzymes must account for 
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that: hardwood needs more xylanases, β‐xylosidases, xyloglucanases and acetylxylan esterase 
while for softwood mannanases and beta‐mannosidases are more relevant [159]. 
When hydrolyzing cellulose to glucose, cellulases require sets of enzymes to target different 
components of this homopolymer, being composed by endo-glucanases (randomly hydrolyze β-
1,4-glycosidic bonds within the polymer, creating two end-chains),  exo-glucanases or 
cellobiohydrolase (break the end-chains into cellobiose units) and β-glucosidase (hydrolyze 
cellobiose to two molecules of glucose) [157], as seen in Figure 5. Cellobiose is a strong inhibitor 
of endo and exo-glucanases which makes the β-glucosidase fundamentally necessary if the 
enzymatic hydrolysis of cellulose is to occur. 
 
 
Figure 5. Scheme of cellulose enzymatic hydrolysis to glucose (adapted from [160]) 
  
Variations in the composition of hemicelluloses such as those occurring between softwoods and 
hardwoods lead to different results if the same enzyme combo is used, and while cellulose is 
roughly the same regardless of species, its crystalline/amorphous ratio, degree of polymerization 
and accessibility can drastically change and affect the outcome of each specific biomass 
hydrolysis. Besides biomass variability, each enzyme optimal conditions also need to be taken in 
consideration (pH, stabilization agents, temperature) making the enzyme cocktail choice even 
more complex.  
Additionally there is also the inhibitory effect of certain compounds derived from biomass 
degradation. Phenolic compounds derived from extractives and lignin are known to inactivate 
cellulases and xylanases [84,161], and degradation products from hemicelluloses and cellulose 
such as furfural, hydroxymethylfurfural, acetic acid, formic acid among others are also highly 
detrimental if above certain concentrations [162]. 
Although very interesting for biomass deconstruction, enzymatic hydrolysis still has to overcome 
some of its drawbacks (enzymes cost and lifetime, slow reactions, low solid loads) in order to be 
competitive at industrial scale. 
Several studies have focused on the use of barks as feedstock for enzymatic hydrolysis after pre-
treatments due to their availability and potential sugar source for bioethanol and other 
bioconversion molecules [84,163]. 
 
 Fermentation- is the biochemical breakdown of a compound or group of compounds by 
microorganisms like yeasts, bacteria, fungi and algae [151]. Although originally referring solely to 
anaerobic biotechnological processes for production of ethanol, acetone, isopropanol, butanol, 
ethanol or lactic acid, among others (by yeasts and bacteria), the term has spread to embark also 
aerobic processes such as acetic acid, citric acid, single cell proteins (yeast and bacteria), 
polyhydroxyalkanoate (PHA) which are a family of polyesters with more than 150 monomers that 
can be used for multiple purposes among which bioplastics, single cell oils from algae, fungi, 
bacteria or yeast to produce biodiesel or chemicals [164–166].  
Microorganisms feed on the sugar rich substrate (in the present case the sugar moieties obtained 
by hydrolysis of the lignocellulosic polysaccharides) and through specific biological pathways can 
convert them into a myriad of products. The number of compounds that can be synthetized by 
microbes is ever-growing especially due to genetically engineered strains that are modified to 
produce the desired compound at higher yields than normal while at the same time trying to 
eliminate, if possible, by-products formation (reducing separation and purification steps) and 
increasing the range of substrates to be used as feeding source [165]. From bioplastics to biofuels 
(ethanol, butanol, jet-fuel alka-(e)nes) [167], from pharmaceutical to flavoring compounds, from 
high volume-low value to high value-low volume compounds, the fermentation pathway (aided 
by genetic engineering, new reactors and processes) coupled to other biomass treatments is 
becoming more and more enticing, although there is still a long way to reach feasible and 
economically sound industrial production (except in a few cases such as ethanol and lactic acid) 
due to production costs and technical drawbacks. 
Although having lower polysaccharides content than wood or energy crop plantations, due to 
their low cost and availability barks have been forecast as potential feedstock for fuel and 
building blocks production through bioconversion methods, with abundant research focused on 
their use [122,166,168,169]. 
 
Each specific biomass characteristics and final products envisaged will determine the possible 
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Case studies: Picea abies and Eucalyptus globulus barks 
Within the bark biorefinery several species are considered enticing for their unique characteristics, 
whether due to specific physical characteristics, chemical composition or due to availability and expected 
low cost exploitability. Do to their large generation at sawmills and pulp mills, Picea abies (softwood) and 
Eucalyptus globulus (hardwood) barks show upgradable possibilities with no additional investment 
regarding handling, transportation and storage being required [72]. Of course the energetic input derived 
from the burning of these materials (their present use) would have to be met from other sources, while 
the main production line (timber or pulp) nor its products quality could be handicapped and the 
profitability of the new production hub would have to be financially enticing and technologically feasible. 
 
Picea abies 
Commonly known as Norway spruce, Picea abies is an evergreen coniferous tree from the Pinaceae family, 
and one among the 35 species of the genus, populating the temperate and boreal northern forests. It is 
one of Europe’s most economic relevant species, with its wood being widely used for pulp and paper 
production, timber construction and furniture. 
 
Figure 6. Picea abies: forest in Bolzano, Italy (top picture, copyright Son of Groucho, www.flickr.com: CC-BY); 
species distribution in Europe (bottom left) [170]; industrial residual bark (bottom right) 
 
The bark (10-12% of the trunk diameter) [171] is removed from the bole upon debarking in the industrial 
sites and used as solid fuel for energy production through direct burning. According to the Swedish Forest 
Agency [172] and the Natural Resource Institute of Finland [173] (2012 and 2018 respectively, and 
assuming a similar consumption for Sweden for the following years), the combined Picea abies debarked 
wood consumption by the industry was around 60 million m3 yearly, meaning that (considering 12% bark 
average bole volume ) around 8.2 million m3 of bark was produced, or a theoretical weight annual value 
of 3.1 million tons (considering an average dry bark density of 380 kg.m-3) [174]. The total P. abies bark 
production in Europe is surely higher since this species is used in wood industries in several other 
countries, as seen by the large distribution over Europe (Figure 6).  
The chemical and physical characterization of P. abies bark has been extensively studied, considering the 
whole bark, focusing on inner and outer bark, or on the bark variability depending on the felling season. 
Table 3 shows some of the chemical characterizations of the different bark raw materials. The suberin 
content is below 2% [78] and was omitted in most of the studies. The values show a wide intra species 
variability, and although some can be explained by the use of different determination procedures, it is 
clear that this raw material is heterogeneous.  
Overall this bark shows high apolar extractives (up to 8%), polar extractives (up to 30%) and lignin content 
(up to 35%) with low polysaccharide content (lower than 56%), rich in pectins (high galacturonic acid- 
GalA). Glucose content is low (below 41%) and highly dependent of bark fraction (much lower in inner 
than outer bark). 
Table 3. Chemical composition of Picea abies bark in the literature. 





Lignin Polysacc Glc Man Gal Rha Xyl Ara MeGlcA GalA Ref 
F 5 7 19 26 41 - - - - - - - - 
[78] M 3 4 17 24 41 27 4 2 0 4 4 - - 
C 3 5 17 28 43 - - - - - - - - 
winter 3 3 - 34 51 31 3 2 1 3 4 1 7 
[175] 
summer 3 2 - 37 48 28 2 2 1 4 5 1 6 
whole  3 28 17 51 - - - - - - - - [176] 
inner - 1 19 15 56 34 1 2 1 3 5 1 6 
[42] 
outer - 2 6 35 36 17 2 2 1 5 4 1 5 
inner - 2 30 3 56 41 2 3 1 3 7 - - 
[177] 
outer - 8 23 35 28 17 3 2 0 3 3 - - 
inner - 32 12 51 - - - - - - - - 
[178] 
outer - 16 33 49 - - - - - - - - 
Particle size: F- fine (<0.180 mm), M- medium (0.250–0.450 mm), C- coarse (>2 mm)  
This bark shows only 9 MJ.kg-1 net calorific value at typical moisture content [174], even if the higher 
heating values are around 20 MJ.kg-1 [176,179] meaning that the energy obtained is quite low unless the 
bark is oven-dried, thereby making its use for energetic purposes of low efficiency. This is probably one 
of the reasons for the intense research on alternative uses for this residue. 
When used fresh, P. abies bark shows phytotoxic behavior toward seedlings, causing severe plant growth 
inhibition, which prevents its use as growing media [180]. Nevertheless, if composted, the bark appears 
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to lose its inhibition behavior, possibly becoming an interesting media for potted plants [181]. It has also 
been tested as sorbent for metal ion removal from aqueous solutions, proving to be an inexpensive source 
with potential for waste water treatment [182]. 
Miranda et al. [78] searched for a possible mechanical fractionation pathway that could lead to chemical 
different granulometric fractions as a first approach in the biomass deconstruction process, finding small 
decreases in extractives and ash content and small increment in lignin and polysaccharides between fine 
and coarse sized particles. Biogas after steam pretreatment and enzymatic hydrolysis was tested in P. 
abies forest residues with 8% bark with good results, although lower than if only wood was used [183]. 
Bio-oil production from pyrolysis of P. abies pulp and paper industrial residues was also tested (although 
it was not clear if including bark residues), showing high percentage of aromatic hydrocarbons and 
possible potential for fuel production [129]. Several other papers focus on bio-oil production for fuel oil 
from softwood barks, although none was found specifically for this species [184,185]. Regarding the 
polysaccharide fraction of this bark, several studies attempted glucose or ethanol production showing 
that, although possible, there are some drawbacks, mostly related to the recalcitrance and the somewhat 
lower polysaccharides content of P. abies bark [84,169,186,187]. Other studies focused on cellulosic and 
non-cellulosic components of Picea abies bark for cellulose fibers, nanocrystals and nanocomposites film 
formation [175,188–190]. Lignin has received little or no attention except as the recalcitrant fraction to 
remove or degrade for better performance applications regarding polysaccharides. Nevertheless its 
constitution, monomeric composition and possible structure were studied, pointing to a mostly G 
(guaiacyl) monomeric structure similar to respective wood [177,191].  
The component that outsingles bark from other lignocellulosics is the extractive fraction, with most of the 
research focusing in it. Many studies dealt with different extraction methodologies by soxhlet, accelerated 
solvent extraction, acid assisted extraction, deep eutectic solvents or microwave assisted extraction 
[124,192–195]. Others studies targeted the composition of specific fractions (polar, apolar, tannin, 
phenolics, stilbenes) [175,196–199]. 
Since these extracts have biological activity [92,200], crude extracts, specific fractions or single 
compounds obtained from this bark have been tested against human pathogenic microbial [201–203], for 
plant fungal inhibition [204–206], as antioxidants [207,208], anti-leukemia [209], and for their 
immunomodulation activity [210] and antitumor activity [211]. 
 The high content of apolar extracts of P. abies bark also led to its testing as raw material for production 
of tall oil through the recovery of its fatty and resin acids for fuel and chemicals production [212]. The 
recovery of polyphenols (mainly tannins) was also proposed for rigid and homogeneous tannin/furanic 
foams or in the formulation of adhesives for fiberboard [213–216]. 
 
Eucalyptus globulus 
Eucalyptus globulus, also known as blue gum, is probably the industrially most important eucalypt species 
in the European Mediterranean zone, especially in Portugal, Spain, Italy, and to a lesser degree, in France 




Figure 7. Eucalyptus globulus: managed forest in Portugal (top picture, copyright J.R.Pinho: CC-BY); species 
distribution in Europe (bottom left) [217]; industrial residual bark (bottom right) 
 
Bark represents 11-15% of the bole on a mass basis [54], and it is generated at industrial sites at a slightly 
higher proportion than a fifth of the bleached kraft pulp production [47], equivalent to roughly 124 000 
tons annually for a large Portuguese pulpmill (500 000 pulp tons/year) [218]. According to CELPA [219], 
the annual industrial site production of bark in Portugal should be around 500 000 ton (considering a total 
pulp production of 2592 million tons, and taking into account that a  fraction does not generate bark since 
it results from imported woodchips). The bark is used as solid fuel, burned in boilers on site, for electricity 
and heat generation. The energy produced from the bark accounts for roughly 13-14% of the total 
generated by biofuels (70% off all energy produced) within this industry, with black liquor representing 
almost the remaining 85% [219]. It is worth noting that the electric production within the pulp industrial 
complexes (obtained mostly from the burning of bark and black liquor) far exceeds its internal needs (3.44 
TW.h produced vs 2.62 TW.h consumed), meaning that the main production process of pulp would not 
be hindered if part or all of the bark is processed for other purposes. 
Being such an important residue, the physical, chemical and fuel characteristics of eucalypt bark have 
already received some attention, showing that bark is chemically similar to the respective wood, although 
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with a higher inorganic and extractives content and lower polysaccharide content. Table 4 presents some 
of the literature values obtained for the chemical composition of this bark.  
Eucalyptus globulus bark can present very high inorganic content although most of it is probably due to 
exogenous contaminants that are easily embedded in its fibrous structure upon debarking, handling and 
storage. The extractives are higher than in the respective wood but compared to other species they are 
relatively low, especially the apolar extractives. The lignin content is similar and sometimes lower than in 
the respective wood, while polysaccharides content is quite high for a bark. Hemicelluloses are mainly 
glucuronoxylans. 
Table 4. Chemical composition of Eucalyptus globulus bark in the literature (% as dry weight) 





Lignin Polysacc Glc Man Gal Rha Xyl Ara MeGlcA GalA Ref 
whole 4 1 - 22 69 - - - - - - - - [220] 
whole 5 0 14 19 61 43 1 2 - 13 2 - - [221] 
F 23 3 9 29 64 - - - - - - - - 
[80] M 16 1 6 29 53 37 1 2 - 12 1 - - 
C 4 1 5 22 70 - - - - - - - - 
F 68 23 - - - - - - - - - - 
[222] M 24 21 12 79 - - - - - - - - 
C 20 17 13 84 - - - - - - - - 
whole 2 1 5 19 72 50 0 2 0 12 2 2 3 [223] 
whole 2 1 5 19 74 - - - - - - - - [224] 
Particle size: F- fine (<0.180 mm), M- medium (0.250–0.450 mm), C- coarse (>2 mm)  
The energetic value of bark is much lower than that of wood, with higher heating values (HHV) of 13 and 
18 MJ.kg-1 respectively [225], and lower basic density of 473 vs 567 kg.m-3 [226]. The bulk density of milled 
bark is very low and almost independent on particle size (average of 169 kg.m-3) [80]. These characteristics 
point to the inefficiency of eucalypt bark regarding its use for energy production. 
Numerous studies addressed the viable upgrade of eucalypt bark in a biorefinery context. While most 
studies focused on the whole bark, a few considered the deciduous outer bark that could be collected 
through the natural shedding without felling the tree, or the inner and outer bark separately [227].  
This bark may be used as substrate after composting with good results especially when mixed with pine 
bark [228] or as additive to growing media after hydrothermal treatment [229] aiming at substituting peat 
and avoiding its environmental negative impacts.  
It was also tested as bio-sorbent for heavy metals such as uranium or chromium (for example to clean 
industrial waste waters) through adsorption and immobilization instead of more expensive activated 
carbon [230,231]. 
Torrefaction leads to better fuel properties by increasing the energetic density of the bark, its 
hydrophobicity and grindability [225], while pyrolysis of bark and residues including bark were also tested 
to produce bio-oils similar to others produced with different biomasses [130,232]. Bio-oil production was 
also made via acid liquefaction (diethylene glycol, 2-ethylhexanol (2-EH) and p-toluene sulfonic acid) 
reaching up to 92% conversion yield at mild temperature conditions [233]. These bio-oils can be used for 
fuels, chemicals or energy production. Liquefied E. globulus bark was also applied as partial substitute 
(20%) of melamine-urea-formaldehyde resin for particleboard bonding [234]. Tannins recovered by 
extraction were used with softwood kraft lignin in “greener” adhesives formulations although other 
species seem to be more interesting than E. globulus [214]. The use of phenols extracted from eucalypt 
bark to partially substitute phenol derived from fossil fuels in phenol-formaldehyde adhesives also 
showed poorer result when compared to other species mostly due to low yields and tannin concentration 
[235]. 
Concentrated water extracts (obtained with or without catalyst) contained tannins and polyphenols that 
were tested as retanning agents, revealing good aptitude in leather retanning equivalent to commercial 
extracts of chestnut [236]. 
Due to its high polysaccharides content and fibrous nature, E. globulus bark was tested as raw material 
for pulp production to increase the raw-material fiber feedstock in a whole-tree pulping paradigm. The 
incorporation of bark with wood resulted in somewhat lower pulping performance regarding yield, 
delignification and pulp strength properties [237]. Neiva et al. [224] showed that optimized conditions for 
the delignification of bark and wood are different. 
The lignin fraction of eucalypt bark has been studied with different methods and targets. Costa et al. [238] 
showed that organosolv or mild delignification processes are preferable if the resulting lignins are to be 
applied for production of functionalized aldehydes. Pre-treatment of bark with highly selective amine-
sulfonate ionic liquids permitted the fractionation of a lignin rich liquid stream and a solid residue enriched 
in polysaccharides more prone to enzymatic hydrolysis degradation [122]. Matsushita et al. [222] reported 
that a hydrothermal pretreatment with carbon dioxide also increased the enzymatic hydrolysis to produce 
ethanol from the inner bark of E. globulus. Nevertheless, the studies on the possible utilization of both 
polysaccharides and lignin fractions seem to fall short on the potential of this species. 
The extractives are the most studied component of eucalypt bark, even though their content is not very 
high, at least when compared to many other barks. Both lipophilic and polar extracts have been obtained 
from inner, outer and whole bark [38,239], at different heights and parts of the tree [45,240], through 
several techniques and solvents, and were chemically characterized [239,241–244], while the respective 
extractions were modeled and optimized towards specific fractions or compounds [245–247]. One of the 
most interesting class of compounds observed in this bark are the triterpenoids (e.g. β-sitosterol, β-
amirine, oleanolic acid, betulinic acid, ursolic acid) contained in the apolar extract fractions, obtained 
either with dichloromethane, n-hexane or through supercritical extraction with CO2/ethanol. These 
compounds show interesting biological activities such as antitumor, anti-HIV, antibacterial and anti-
inflammatory possibly justifying their highly profitable recovery even if at a low yield [47,248–251]. 
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Several polar and apolar crude extracts (obtained with several solvents) and compounds obtained from 
them showed antioxidant [45,221,252,253], antiproliferative potential of human breast cancer cells 
[218,223],  and antimicrobial activity [45,254,255]. Jutakridsada et al. [256] propose the extraction of 
antioxidant compounds and the burning of the extracted bark, showing that the fuel properties were not 
significantly altered. 
E. globulus bark extracts were tested for biosynthesis of gold nanoparticles, as “green synthesis” of 
specific nanostructures through reduction of soluble metal salts precursors, selectively producing 








The following section of the thesis regards the original research developed along the PhD program. 
The objective of the work was to find alternative uses for the large amounts of bark residues produced in 
sawmills and pulp mills, focusing on two of the most intensively industrially used species. The first step 
was to collect the industrial barks from a Portuguese pulpmill and a Finnish sawmill (E. globulus and P. 
abies respectively) since the target was the raw material that exists in the industrial sites and not the 
virgin bark directly collected from the tree stems. 
Bark is per se a complex material with highly differentiated tissues and cells, but it becomes more 
heterogeneous when collected at the industrial site mostly due to contamination from handling and 
debarking processes (e.g. wood and exogenous debris). Since the objective is to selectively deconstruct 
this biomass aiming at its full potential utilization, the original material characteristics must be very well 
known to properly choose the most adequate fractionation pathways. 
The thesis is divided in four connected tasks. 
The first task regards the characterization of each biomass (E. globulus and P. abies). The first and second 
papers focus on the industrial barks and test if it is possible to obtain chemically different fractions 
through particle size reduction by a simple mechanical process. Before fractionation, the bark was 
manually stripped from wood contaminants and all the fuel and chemical determinations were applied to 
each of the bark fractions and to wood (wood was used for comparison, being a much well known and 
studied material). The amount of information gathered and the extensive analysis lead to present the 
results of each bark in individual papers. 
The third paper of the first task was focused on the fine characterization of the bark lignins. “Milled Wood 
Lignin” of both species was obtained through the classical Bjorkman procedure [258] and several analysis 
were made to determine lignin inter-unit linkage, end-groups and aromatic units: analytical pyrolysis (Py-
GCMS), pyrolysis in the presence of tetramethylammonium hydroxide (Py-TMAH) , derivatization followed 
by reductive cleavage and modified methodology (DFRC and DFRC’), two-dimensional heteronuclear 
single-quantum coherence nuclear magnetic resonance (2D-HSQC-NMR). Eucalyptus globulus bark lignin 
presented characteristics very similar to those of the respective wood, but Picea abies bark presented 
data (from DFRC, Pyrolysis and 2D-HSQC) that showed some never before observed lignin monomers. The 
positive identification of those new lignin monomers was achieved through several different techniques 
and comparison to authentic standards proving that hydroxystilbene glucosides (mostly isorhapontin and 
at lower quantities astrigin and piceid) are true lignin monomers. The originality of this discovery merited 
the individual publication of the results in the fourth paper. 
Having determined the chemical composition of both raw materials, the prospect of using the E. globulus 
industrial bark for bleached kraft pulp (BKP) production was tested in the second task, mostly due to its 
fibrous nature, relatively high cellulose and hemicelluloses contents and low lignin and extractives (when 
compared to other barks). Based on previous work on bark pulping optimization [224], and knowing the 
detrimental effect that extractives and ash have on pulping and pulp characteristics, an alternative 
process was tested using hot water treatment under mild conditions prior to pulping to reduce these 
components in the biomass. Both untreated and treated barks were delignified with two different 
chemical charges and later bleached and refined up to 4500 rev. Morphological properties of unbleached 
and bleached (unbeaten and beaten) pulp fibers were measured and handsheets were produced from the 
pulps with their physical and mechanical properties determined to investigate the possible improvement 
(if any) of the hot water pre-treatment. The results were published in the fifth paper. 
One of the characteristics that is commonly associated with barks is the high content in solvent extractable 
components, which normally is much higher than that of the respective wood. These easily obtainable 
crude extracts with composition depending on the solvent used contain compounds with diverse 
bioactivity, namely antioxidant and antimicrobial activities. In the third task, which lead to the fifth paper, 
four barks (among which are E. globulus and P. abies) were extracted with n-hexane, ethanol and water, 
and the crude extracts were evaluated for antioxidant, antimicrobial and anti-quorum sensing abilities. 
The extracted barks were used for further processing in task four. Several methodologies were applied to 
investigate the extracts antioxidant activity (ferric reducing antioxidant activity (FRAP), β-carotene 
bleaching test and free-radical scavenging assay) and regarding antimicrobial activity, disc diffusion essay 
and minimum inhibitory concentration (MIC) were tried against a large group of human pathogenic 
bacteria and yeasts. The objective of this third task was to determine the best solvents and most 
interesting crude extracts from several bark species, aiming at future recovery of antioxidant and 
antimicrobial compounds through simple extraction processes. 
Since the extractives are known to be detrimental to several lignocellulosic biomass processes, among 
which to biological ones (e.g. enzymatic and fermentation), extractive-free E. globulus and P. abies barks 
were used as raw material (similar to those obtained from task three) in task four. The extractive-free 
barks were used as a source of fermentable sugars through enzymatic hydrolysis. Due to the recalcitrant 
nature of the lignocellulosic matrix, several auto-hydrolysis severity factors were tested to determine the 
most suitable conditions to separate the hemicellulosic sugars (in oligomeric or monomeric sugars) while 
enhancing biomass for subsequent enzymatic saccharification. The solid residues from the auto-hydrolysis 
were enzymatically hydrolyzed with two different commercial enzyme cocktails to determine their 
viability as substrates for production of monosaccharides (mainly glucose) through depolymerization of 
the cellulose and remaining hemicelluloses. Autohydrolysis followed by saccharification was tested to 
ascertain the possibility of selectively separating a rich stream in hemicellulosic oligosaccharides, a 
glucose solution derived from cellulose and a solid residue enriched in lignin. 
The integrated scheme of the four tasks of this thesis (task one- orange; task two- yellow, task three- red, 
task fourth- purple) is presented in Figure 8. Following are the papers that compose the PhD thesis 
included in sequence, and formatted according to each journal. 




Figure 8. Thesis integrated scheme with four main tasks (task one- orange; task two- yellow, task three- red, task 
fourth- purple) 
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Integrative results and discussion  
The bark of two of the most industrially used species in Europe, Eucalyptus globulus (Eg) and Picea abies 
(Pa), were the focus of this thesis in regard to their possible deconstruction and upgradable approaches 
in a biorefinery context. These highly abundant residues are now mostly burned for energy and heat 
production in pulp and wood mills, and their chemical richness is thereby wasted. In this thesis, a thorough 
chemical characterization was achieved for each species, underlining their most interesting features and 
therefore pointing to possible deconstruction pathways and end uses. Although these barks have been 
extensively studied, it was possible to gather new knowledge and to propose alternative end uses.  
The barks studied here were wittingly collected from industrial sites and not directly from trees. This will 
undoubtedly have some influence on the results when compared with previous research data obtained 
from barks collected from the tree but, in our opinion, it will provide better and more accurate 
information if the aim is to give a “new life” to these residues. The bark residues will vary from mill to mill, 
depending on processing, but as it happens when one works with biomass, such variability is unavoidable.  
The studied barks of the two species are quite distinct and it was therefore expected that they had 
significant chemical differences and therefore deconstruction pathways and possible end uses.  
The first thing that was obvious from the visual analysis of the industrial barks was that they were highly 
contaminated with wood (18% and 16% for Eg and Pa respectively), probably due to the strict 
requirements of the main production process that sacrifices some wood in favor of the final product 
quality. This not only leads to a 1.5-2% waste of the total wood supply for the main process but also 
increases the physical and chemical complexity of the industrial bark stream, making it harder to work 
with. Another thing that was obvious from the mechanical fractionation and analysis of the chemical 
composition was that the handling, transportation and storage of the bark (especially for Eg) at the 
industrial site need to be improved since a great deal of mineral extraneous materials was found to 
contaminate this residue. After mechanical downsizing, the fine fraction was enriched in inorganic matter 
(up to 21% vs 4-5% for the coarser fractions, Paper 1). Therefore, if the bark stream is to be used 
effectively, the handling, transportation and debarking process should be adjusted to reduce these 
contaminants.  
Eucalyptus globulus bark showed similar chemical composition to that of the respective wood (Paper 1) 
although with higher ash and extractives content (mainly the polar extractives) and with lower lignin and 
polysaccharides (with quite similar monomeric sugar moieties). On the other hand, P. abies bark showed 
a more pronounced distinction from its wood (Paper 2) with higher ash content and much higher 
extractives (up to 20%) regarding both apolar and polar fractions. The lignin content was almost the same 
and the structural polysaccharides were much lower, presenting distinct relative monosaccharides 
abundances with lower mannose content in the bark than in the wood, and significantly higher arabinose 
and galacturonic acid content. E. globulus bark showed a higher acetylation of the hemicelluloses than P. 
abies bark but for both it was less than that of the respective woods. The proposed mechanical 
fractionation was aiming at a possible retrieval of particle sized fractions with distinct compositions given 
that many studies reported highly differentiated compositions of inner and outer fractions of the barks. 
Although different, the variation that was found is, in our opinion, not high enough to dispend the energy 
and time to accomplish this task, except if needed to remove the mineral contaminated fraction of the 
fines (mostly for E. globulus bark). 
As for the thermal properties, both barks showed a lower volatiles to fixed carbon ratio than the 
respective woods with E. globulus bark presenting lower calorific power than its wood (due to lower lignin 
and higher inorganic content). Although chemically quite different, the wood and bark of P. abies showed 
remarkable CHNO and HHV similarities, which implies that the increase in ash is probably compensated 
by the HHV of the extractives since the apolar extracts are known to be highly energetic in regard to 
polysaccharides. 
The chemical composition and thermal properties of the barks indicates that better end-uses besides 
burning should be envisaged. The low energetic density and high ash content makes these biomasses less 
efficient. Besides, E. globulus also has high chlorine content which is detrimental to the boilers as well as 
the environment. The extractives are the first, and in many cases, the most interesting fraction to be 
explored. Nevertheless, once the extractives are removed, the extractive-free bark will be enriched in the 
structural components that should be further explored in an integrative concept. 
The bark lignin and extractives were more finely scrutinized to further the knowledge on these specific 
fractions. The extractives fraction will be later discussed in the text.  
Regarding the lignin polymer and its potential valorization (Paper 3), the “milled wood lignin” or better in 
this case “milled bark lignin” showed for E. globulus a highly enriched β-O-4’ aryl ethers linkages (83% of 
all inter-unit linkage types, higher than the 76% of the respective wood [259]) with very high S/G ratio 
(2.8, similar to respective wood) and some degree of acetylation at the γ-OH (Sac= 8%, Gac=2%). P. abies 
bark presented a predominantly G-lignin type (86%) and absence of S units, characteristic of softwood 
lignin, showing a very condensed structure with only 44% β-O-4’ aryl ethers linkages and 29% from 
condensed linkages (phenylcoumarans, resinols and dibenzodioxocins) as well as others related to the 
hydroxystilbenes. The P. abies bark showed higher lignin condensation in relation to its wood [259] and 
significant levels of acetylation at the γ-OH (Gac=7%), which had never been reported in any conifer wood 
lignin. These characteristics point to a more reactive and theoretically easier to depolymerize E. globulus 
lignin and a more condensed P. abies lignin, with the first requiring less intense conditions and resulting 
in higher yields of S units and the later, although more recalcitrant, yielding high-valuable 
hydroxystilbenes and G units that can be used for production of compounds such as vanillin [260]. 
Intriguing and promising results were found for the lignin composition of the P. abies bark. Through DFRC, 
2D-HSQC-NMR, HMBC, normal and diffusion edited 1H-NMR, the conclusive presence of hydroxystilbenes 
glucosides (mainly isorhapontin, but also in lower amounts astrigin and piceid) in the lignin structure was 
obtained (Paper 4). The number of true lignin monomers has grown in the past decades with new 
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compounds being assumed of taking part in the lignification. With this work, the number increases with 
hydroxystilbene glucosides compounds here reported for the first time as building block units of P. abies 
bark lignin. This discovery may seem merely academic but in fact it has interesting possible ramifications. 
The first one, as reported for other compounds, is that the lignin polymer is much more complex than 
previously thought of, with monomers derived from other biosynthetic pathways (e.g. acetate/malonate-
derived polyketide pathway) apart from the monolignol-derived shikimate pathway being incorporated 
in the lignin structure [34,36]. The second and most interesting one is the authenticated finding, for the 
first time, of glucosides in the lignin structure (Paper 3 and 4). The presence of glucosides in lignin has 
been proposed previously as occurring in some lignins, but the assimilation mechanism into the polymeric 
structure was unclear, with direct glucosylation of phenolic groups being viewed with skepticism at best 
for its supposed biosynthesis impediments (enzyme penetration in hydrophobic lignin structure very 
unlikely) [261]. In this case, the already glucosylated stilbenes have a second phenolic group that will 
participate in the radical coupling with lignin. This elegant solution is a much more plausible explanation 
for the occurrence of glucosides in the lignin structure. The third reason regards the possibility to 
biologically modify and engineer the lignin polymer aiming at specific traits (e.g. antifungal, enhanced 
hydrophilicity) or by functionalization of the glucose moiety. This is, in our opinion, one of the most 
interesting discoveries in this thesis. 
The bark of E. globulus presented significant polysaccharides content and lower lignin than the respective 
wood (Paper 1). The chemical features combined to its fibrous nature, lead us to believe that it could be 
an interesting raw material to increment the fiber supply for pulping purposes. The physical and chemical 
traits of the P. abies bark, as determined here and throughout the literature, showed very poor 
perspectives of pulpability leading to its exclusion as raw material for this purpose. The idea of cooking 
bark and wood together had previously been tested with poor results [237], since both materials clearly 
show different optimal pulping conditions [224].The use of hot water pre-treatment to partially wash and 
decrease the extractives and ash content was tested here and allowed significantly better reaction yields, 
although the global yield between treated and untreated was quite similar once reported to original 
material (taking into account the pre-treatment mass loss) (Paper 5). Nevertheless the pre-treatment 
allowed higher delignification especially when using low chemical charges, reaching kappa number of 17 
with only 15% active alkali. The resulting pulps were subjected to bleaching and refining, producing 
handsheets with similar physical characteristics than those from the respective wood. Although the tear 
index was lower for the bark pulps, the tensile index was similar and the paper surface strength was even 
higher than that of the wood.  The main drawback on using bark for pulping lies on the global pulping 
yield, which is around 41%, much lower than the 50% achieved with wood at industrial production. 
Nevertheless, since bark has 10% lower polysaccharides content, it is fair to assume that it delignifies 
pretty well, which is in agreement with the determined high S/G ratio and β-O-4’ aryl ethers linkages 
(paper 3).  Another drawback for bark pulping is that the higher ash content might hinder its use for finer 
applications such as dissolving pulps produced from bleached pulp. 
As stated before, one of the most interesting component of the barks and that most differentiates them 
from wood, is the extractive fraction. Both species had much higher content of extractives in bark than in 
wood (9.9% vs 4.4% for E. globulus and 20.2% vs 3.8% for P. abies), with more polar extracts than apolar 
ones (Paper 1 and 2). The characteristics and composition of the extracts is highly dependent on the 
solvent used and their antioxidant and antimicrobial activity clearly reflects it. In the work developed in 
task 3 (Paper 6), in addition to E. globulus and P. abies barks we included barks from two other species 
(Acacia dealbata and A. melanoxylon). Ethanol extracts showed higher phenolic content than water 
extracts, more specifically regarding condensed tannins (water was more efficient in extracting 
flavonoids) and the antioxidant activity results, independent of the methodology, proved that ethanol 
extracted better compounds that prevent oxidation (whether lipid and metal oxidation or free-radical 
scavenging and neutralization). Although highly antioxidant extracts could be produced from both barks, 
P. abies bark showed higher extraction yields, total phenolic content and antioxidant activity, making it a 
more interesting raw material for the procurement of biobased antioxidant compounds. Regarding 
antimicrobial activity, the extracts from both species proved mostly ineffective against Gram-negative 
bacteria, with E. globulus bark extracts showing higher growth inhibitory characteristics against Gram-
positive bacteria than P. abies bark extracts, especially for the n-hexane extracts. The most impressive 
results were nevertheless obtained against both Candida strains where inhibition occurred at 
concentrations as low as 40 µg.mL-1. The increased virulence behavior of some bacteria strains (e.g. 
biofilm formation, swarming motility) is one of the reasons for the increased microbial resistance to 
antibiotics. This behavior occurs through molecular communication between bacterium (quorum sensing) 
when in adverse environment conditions and the disruption of this communication mechanism could 
prove highly productive in preventing antidrug resistant strains [88]. The crude extracts anti-quorum 
sensing ability was tested, but alas, it proved to be mostly ineffective. The overall results of Paper 6 show 
that Acacia dealbata bark was clearly more interesting for obtaining antimicrobial extracts, although E. 
globulus and P. abies barks could also be looked upon as raw materials to extract bioactive compounds. 
The extractives bioactivity and the expected improvement in the subsequent processing of the extracted 
barks indicate that this step in the deconstruction pathway should be very enticing if a bark based 
biorefinery is to take place.  
Thinking on the sequential integrative deconstruction potential and the full valorization of barks, one 
fractionation pathway was applied to the extractive-free barks, including an autohydrolysis step and an 
enzymatic saccharification, aiming at exemplifying one of the possible conversion routes.  The extracted 
barks, and in consequence enriched in the main cell wall structural components (hemicelluloses, cellulose 
and lignin), were subjected to a sequential fractionation obtaining a liquid stream rich in 
xylooligosaccharides or arabinooligosaccharides (depending on the species used), after autohydrolysis, 
and to a glucose enriched liquid stream and a lignin enriched solid residue after the enzymatic 
saccharification of the autohydrolysis non-solubilized material. 
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By testing a range of autohydrolysis conditions, it was possible to determine the best conditions for 
hemicelluloses degradation and solubilization as oligosaccharides. P. abies hemicelluloses required lower 
severity factors to partially depolymerize and solubilize than those of E. globulus, producing 14 and 12 g 
of monosaccharides/oligosaccharides per 100 g of extractive-free bark, respectively. These oligomeric 
streams are of interest for the food and pharmaceutical industries (e.g. prebiotic potential), although they 
can also be totally depolymerized to monosaccharides for ethanol fermentation or biotechnological 
transformation to valuable compounds such as xylitol and arabitol. The autohydrolysis solid residue 
(enriched in cellulose and lignin) was then enzymatically saccharified with two commercial enzymes 
(Saczyme Yield and Ultimase BWL40), and the results showed that higher glucose and total sugar yields 
could be obtained with E. globulus bark than with P. abies bark. Alternatively, saccharification was also 
performed directly in the autohydrolysis slurry (liquid and solid residue) increasing the global sugar yield 
up to 73%. 
Papers 6 and 7 provide a possible deconstruction pathway to fully use the chemical potential of these 
barks, with extractives, hemicelluloses, cellulose and lignin being obtained sequentially through simple 
and environmentally clean processes, while paper 5 shows a technically viable alternative for the E. 
globulus bark more related to the pulp and paper industry, where it is mainly produced. 
  
  




Industrial barks are highly interesting and upgradable residual streams with potential to increase the 
biomass available for bio-based products, building blocks, fine chemicals and fuels.  Already available and 
at low cost, these non-wood lignocellulosic materials can be deconstructed using already established 
processes (normally associated to wood processing) with small adjustments to the specific characteristics 
of bark and taking into consideration the species at hand. 
An integrated pathway to make use of each lignocellulosic major chemical component can be achieved. 
Barks are characterized by a rich extractive fraction with high value low volume bioactive components, 
and highly desirable for several important industries. Crude extracts could be obtained through solvent 
extraction that showed high antioxidant activity and low minimum inhibitory concentration against some 
human pathogenic microbial.  
Since extractives can be detrimental to other transformation processes, the removal of extractives was 
designed as a first step in the fractionation process. The extractive-free barks, enriched in the structural 
components can be further fractionated through green-processes such as autohydrolysis and enzymatic 
hydrolysis producing a hemicellulosic rich stream of oligosaccharides, a glucose stream and a lignin 
residue. The process might be adjusted to obtain liquid streams targeted for production of fuel such as 
ethanol, building blocks such as xylitol, arabitol, lactic acid and succinic acid, and to obtain phenolic 
components from the solid lignin fraction.  
The use of kraft pulping after autohydrolysis documented here for Eucalyptus globulus, gives a possible 
fibre end-use for this residue increasing the feedstock for pulp and paper production. 
Barks are non-wood lignocellulosics that are much less explored and known than wood, with possible 
unique chemical characteristics. The detailed chemical characterization made in this thesis showed for 
the first time that hydroxistilbenes glucosides are present in Picea abies lignin, as a new lignin monomer, 
thereby providing a plausible biochemical solution for the occurrence of glucosides in this phenolic 
polymer and opening the possibility of bioengineering the addition of functionality groups for production 
of a lignin with special attributes (hydrophilicity, bioactivity). 
This thesis presents only a few of the possible deconstruction pathways that can be followed and of the 









Several studies can be envisaged to further deepen the knowledge already acquired on the barks and to 
advance on the utilisation of their main components.  
Regarding the extractives: 
o Testing of different extraction techniques and conditions, studying their effects on extraction 
yield and extract chemical composition. 
o Separation and purification of the crude extracts to obtain, if not pure compounds, at least 
families of compounds 
o Testing single compounds or families of compounds for antioxidant activity or human pathogenic 
microorganisms’ growth inhibition to determine those responsible for each phenomena, either 
alone or in synergies. 
Regarding the lignin fraction: 
o The solid residues from the enzymatic saccharification from paper 7 (mostly lignin under the best 
enzymatic conditions) need to be further studied. A comparison to the already available MBL 
(milled bark lignin) in paper 3 will show us the impact that the sequential treatment has on the 
final solid (lignin). 
o After purification, this “lignin” could be tested as additive in several products such as a phenol 
substitute in adhesives. 
o The hydroxystilbenes glucosides determined in the milled bark lignin could occur in the bark of 
other Picea species or even in other softwoods, and so a new study could be designed to evaluate 
fine lignin composition of other barks. 
Regarding the polysaccharides fraction: 
o The autohydrolysis and enzymatic hydrolysis combo should be optimized regarding either total 
monosaccharides obtained or type of oligosaccharides obtained (from hemicelluloses) in the 
autohydrolysis liquid stream. 
o Other enzymatic cocktails could be tested on the same substrates (extractive-free barks) to 
improve saccharification. 
o The autohydrolysis liquid stream rich in oligosaccharides should be analysed in more detail to 
ascertain their characteristics and from there envisage possible end uses. 
Other deconstruction pathways could also be studied on these barks e.g. pyrolysis, fractionation using 
deep eutectic solvents or ionic liquids. 
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